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One of Costa Rica’s driest areas is the province of Guanacaste, in the Pacific Northwest, with almost no rain during the dry season from November to April. Due to this marked seasonality, the area is covered by dry tropical deciduous forest, considered the most threatened and least known tropical ecosystem in this area. This study analyzes and characterizes the assemblages of aquatic macroinvertebrates in water bodies within the Tempisque basin. Biological water quality was measured using the BMWP′-CR index. Macroinvertebrate assemblages were analyzed using abundance, richness, and functional feeding group approaches (FFG). Partial least square (PLS) analyses were performed, and the relationships between environmental factors and macroinvertebrate assemblages are also discussed. Macroinvertebrate assemblages were dominated numerically by mayflies, caddisflies, flies, and beetles. The BWMP′-CR index showed varying biological water quality, ranging from “very bad” to “excellent,” depending on rainfall and site management. Results suggest that tropical Mesoamerican rivers contradict the “river continuum concept” because predators and scrapers displace shredders in numbers. On the other hand, the study area shows a notable high richness of the Coleoptera genera. The class Rhynchocoela (Nemertea) is reported for the first time in Central America. The results indicate that the dry forest river ecosystem shows staggering biodiversity despite the surrounding agricultural land use, probably because of their older origin concerning tropical rain forests in Central America.
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INTRODUCTION
Located in southern Central America, between Nicaragua and Panamá, Costa Rica has a wide variety of biogeographical features, making it part of the Neotropical region, but still receiving some Nearctic influence. Due to this isthmic and intercontinental location, and despite its small terrestrial surface of just 51,180 km2 (0.03 per cent of the surface of the planet), Costa Rica is estimated to possess about five per cent of the world biodiversity (Obando, 2002; Valerio, 2006), with so far almost 200,000 species described (Avalos, 2019). The percentage of described species in Costa Rica may vary drastically depending on the taxonomic group, varying from 100% for vertebrates to only 0.14–0.19% for insects (Avalos, 2019). Especially remarkable is its species density (number of species per surface area; Obando, 2002); using this measure, Costa Rica could probably occupy first place in the world (Obando, 2002, Obando, 2007; Valerio, 2006). For these reasons, Costa Rica is considered one of the 20 countries with the most biodiversity in the world (Mittermeier et al., 2004).
The country’s position between two oceans and a central mountain system crossing from northwest to southeast results in high environmental heterogeneity levels and influences rainfall distribution patterns, ranging from only 600 mm of rain per year to over 7,000 mm (Herrera, 2016). One of Costa Rica’s driest areas is Guanacaste, in the Pacific Northwest, with almost no rain during the dry season from November to April. During the rainy season, many rivers cause floods, while during the dry season, many dry up completely (Arrieta Chavarría, 1999). Due to this marked seasonality, this area is covered mainly by dry tropical deciduous forest and forms part of a continuous biome that stretches from Northwest Costa Rica to the southern fringes of the Mexican state of Sinaloa along the Pacific coast (Jiménez et al., 2016). Other vegetation types throughout the country include moist forest, wet forest, rain forest, cloud forest, and páramo (alpine vegetation). However, the semi-arid area of Costa Rica deserves special attention since the tropical dry forest is considered the most threatened and least known tropical ecosystem (Janzen and Hallwachs, 2016). In the past, this ecosystem has suffered intensive logging for livestock and agricultural expansion, often using fires to remove native vegetation and control natural succession. Although the research group of Daniel Janzen has extensively studied terrestrial dry tropical environments during the past 5 decades in Guanacaste, the aquatic environments are least known.
As an essential component of freshwater biodiversity (Macadam and Stockan, 2015), aquatic macroinvertebrates have received special attention from researchers and stakeholders interested in biomonitoring and environmental studies during the past decades. This situation is authentic for Latin America, including Costa Rica, and the state of knowledge on aquatic macroinvertebrates for the country has been summarized by Springer et al. (2014). Some analyses have already been made in the Guanacaste region concerning freshwater macroinvertebrates in human-impacted and natural areas.
One of these studies concerns macroinvertebrates in Palo Verde’s wetlands (Trama et al., 2009). This essential wetland in this region was studied using artificial substrates. The study found the presence of 18 orders and 57 families. The highest abundances were represented by the Conchostraca and the Chironomidae (Insecta: Diptera), representing almost half of all specimens collected. Interestingly, the number of individuals and species was higher at lower water levels (dry season). A second analysis was done by Rizo-Patrón et al. (2013), where macroinvertebrate communities were used as bioindicators of water quality in conventional and organic irrigated rice fields in Guanacaste. Macroinvertebrate and insect mean abundances were both higher in organic than in conventional treatments. Fourteen orders and 39 macroinvertebrate families were found in the organic rice, whereas only ten orders and 30 families could be found under conventional farming. It was also found that several genera of macroinvertebrates could be used as good bioindicators of water quality.
In the last decades, the traditional rice production in this area has been switching to sugarcane, and sugarcane production has increased in Costa Rica. According to LAICA (Industrial Agricultural Sugarcane League), the number of independent sugarcane growers has grown from six thousand, at the beginning of the ‘90s, to twelve thousand in 2008. The province of Guanacaste alone produces around 50% of the total national production, and the increase of these sugarcane plantations in Guanacaste has also raised pressure on the watersheds, especially the Tempisque basin, the second largest watershed in Costa Rica. Extensive sugarcane plantations are located along riverbanks, like the Cañas, Colorado, Las Palmas, and the lower basin of the Tempisque river. Although many studies have been carried out in Costa Rica on freshwater macroinvertebrates (Springer et al., 2014), little is known from dry tropical rivers within agricultural landscapes, especially under sugarcane production.
Therefore, this study aimed to characterize the assemblages of freshwater macroinvertebrates in a rural agro-environment within the lower Tempisque basin, especially the Colorado and Las Palmas rivers. For this purpose, individual abundance, taxa richness, and functional feeding groups analyses and correlations with environmental variables, were considered. Water quality was determined through the biotic index BMWP-CR (“Biological Monitoring Working Party”, modified for Costa Rica) based on the families of macroinvertebrates found at each site (MINAE, 2007). Finally, the ecological assemblages and diversity of aquatic macroinvertebrates in the Tempisque basin were analyzed and compared with other tropical dry forest localities in Mexico (Ruiz-Picos et al., 2016) and Panama (Sánchez-Argüello et al., 2010a) and a similar study from a tropical rain forest river at the Caribbean slope from Costa Rica (Kohlmann et al., 2015).
MATERIALS AND METHODS
Study Area and Period
This study was conducted between November 2009 and July 2010 within the Tempisque basin (Figure 1) in Guanacaste province, Costa Rica. The rainfall pattern is typical for this region, with no rain from December to March, then a rainy season starting in April and ending in November, with a typical bimodal rain peak in June and October or a unimodal peak in July-August during a “La Niña” event (Brenes and Bonilla, 2012). The Tempisque river begins its flow (as the Tempisquito) at the Orosí volcano’s foothills and is the third-longest one in the country (approx. 144 km in length). It drains from the Guanacaste Cordillera at an elevation of approximately 900 masl towards the north-western Pacific lowlands of the Guanacaste province, flowing into the Gulf of Nicoya. It has a watershed covering approximately 3,354 km2 (IMN, 2011) and represents its second-biggest basin after the Grande de Térraba. The Tempisque basin is divided into three sections: the upper reaches, covered with forests, located in the Volcanic Cordillera of Guanacaste; the middle reaches, represented by an undulating terrain dedicated to agriculture between Liberia and Cañas; and the lower reaches, composed of plains and marshes subject to flooding in many areas.
[image: Figure 1]FIGURE 1 | Map of the Tempisque basin study area showing rivers, towns (orange circles), and collecting areas (black-green triangles).
The Tempisque river has 36 km that are navigable for small ships and boats at its lower reaches and used to be the primary transportation system before the construction of the Interamerican Highway around 1960; the Spanish conquerors already used it as an invasion route for subjugating the local Chorotega cultures (Peters, 2001). The name of the river, Tempisque, is a word of Nahuatl origin for a tree (Sapotaceae, Sideroxylum capiri), meaning “templi” or “river border” and “ixqui” or “guardian” or “caregiver” (Peters, 2001). The underlying geology is mainly represented by quaternary sediments with Miocene-Pliocene volcanic rocks in its northern fringes, with Cenozoic-Mesozoic sedimentary rocks in its central part areas with ophiolites in its southern fringes (Alvarado and Cárdenes, 2016). Sugarcane, rice, melon, and watermelon plantations have been developed on this watershed and extensive livestock production. Sugarcane has been a continuous activity that was started already in the XVI century by the Spanish conqueror Pedrarias Dávila (Mateo-Vega, 2001). The study area is characterized by a dry tropical climate with mean annual temperatures ranging from 26 to 28°C, annual average evapotranspiration values ranging from 1,800 to 1,900 mm, and annual precipitation averages ranging from 1,500 to 2,000 mm with a pronounced dry season (IMN, 1985). The Tempisque and Las Palmas rivers are so prone to flooding that Arrieta Chavarría (1999) compiled the inhabitants’ stories about these events.
This study was centered on two rivers within an agricultural landscape, the Colorado river (Figure 2) and the Las Palmas river (Figure 3), with three and four sampling sites, respectively. These two rivers were sampled monthly during the whole collecting campaign. Also, 17 additional sites at 15 other rivers of the Tempisque basin were sampled once during the same study period to obtain general information on this area’s water quality. These rivers with the month and year of collection in parentheses are Azufrado (05/10), Belén (02/10), Cañas (02/10), Diriá (05/10), Enmedio (05/10), La Caraña (05/10), Liberia (05/10), Los Ahogados (03/10), Pijije (04/10), San Blas (11/09), Santa Bárbara (05/10), Sardinal (11/09), Tempate (05/10), Tempisque (05/10), and Tempisquito (03/10). All these localities are indicated in the map presented in Figure 1.
[image: Figure 2]FIGURE 2 | Colorado river (A) Site-1 November 2009; (B) Site-1 February 2010; (C) Site-2 November 2009; (D) Site-2 February 2010; (E) Site-3 November 2009; (F) Site-3 February 2010. [(A–F): from left to right and from above to below].
[image: Figure 3]FIGURE 3 | Las Palmas river (A) Site-1 December 2009; (B) Site-1February 2010; (C) Site-2 December 2009; (D) Site-2 February 2010; (E) Site-3 December 2009; (F) Site-3 February 2010; (G) Site-4 December 2009; (H) Site-4 February 2010 [(A–H): from left to right and from above to below].
Colorado River
The Colorado river begins at the Rincón de la Vieja volcano’s foothills, at around 800 m altitude, and has a length of 14.8 km before flowing into the Tempisque river. It flows a few kilometres north of the Daniel Oduber International Airport. Once the Colorado river joins the Tempisque, the alluvial valley of the Tempisque river starts. The study area for this permanent river is surrounded by sugarcane and melon plantations. All three study sites have a rocky substrate of different sizes (Table 1) and a mean water temperature of 25°C for July. As shown in Figure 2, the river’s water level can strongly fluctuate in a short period going from November to February, but all sites have permanent water flow. Figure 1 shows the sampling localities.
TABLE 1 | Geographical, habitat and physical-chemical characteristics at each sampling site of the Colorado and Las Palmas rivers, Guanacaste Province, Costa Rica. Mean values of physical-chemical variables with their standard deviations used for the PLS analysis are included for six collecting sites (July 2010). PO43− is not included in the table and the analyses because it consistently reported a value below the threshold detection limit of < 0.64 mg/L.
[image: Table 1]The Rincón de la Vieja volcano has been historically active since 1700 (Aguilar and Alvarado, 2020). The volcanic activity is constant but small, with fumes and ashes emitted along the Caribbean and western flanks. It is reported that during 1966 and 1967, the Colorado river changed its colouration under phreatomagmatic activity. The fumes and ashes have acidified the neighbouring rivers, including Colorado, eliminating the original presence of fishes near the volcano (G. Alvarado, pers. comm.). However, the sampling sites (Table 1) did not reflect any acidification during the study period.
Site 1 is characterized by having a river bottom formed of rocks up to 3 m in length. These boulders project themselves over the water level, and it is common to observe plants and shrubs growing on top of them and litter packages accumulating between the rock crevices. A strong current characterizes this site. Several trees of “Sotacaballo” (Fabaceae, Zygia longifolia) project their shade onto the river forming a 15 m barrier on the left bank separating the river from sugarcane on the right margin; a similar vegetation band separates the river from a melon plantation. Site 2 has a bottom formed by small to medium-sized rounded rocks (pebbles and cobbles). Vegetation is also composed of Sotacaballo trees, but taller than at site 1 and with denser tree cover. Site 3 is situated 800 m downstream the confluence with the Santa Inés river. This site also has a rocky substrate surrounded by rich vegetation, where the Sotacaballo is the dominant species. Aquatic vegetation is also present. The main characteristics of the three sites are summarized in Table 1.
Las Palmas River
The Las Palmas river begins at an altitude of 28 m near the town of Nancital and has a length of 13.8 km. Its drainage area covers 400 km2. This intermittent river has a long history of causing floods during the rainy season, most probably caused by its sedimentary nature (Espinoza Rivera, 2018). Sugarcane plantations surround the study area for this river. The study sites vary in the substrate from the muddy bottom of fine sediments to rocky bottom (Table 1) with a mean water temperature of 28°C for July. As shown in Figure 3, the river’s water level can strongly fluctuate in a short period going from December to February, and some sites dried out entirely between February and April. During May, with the beginning of the rainy season, extensive inundations occurred within the whole area, and sampling was impossible in most sites. Sampling localities are indicated in Figure 1.
Site 1 is near the river source, with a small irrigation dam about 500 m upstream and precisely between a sugarcane plantation. There is a protective vegetation barrier of around 15 m at each riverside, giving shadow to the river. The river bottom is muddy. This site went almost completely dry during February, but in March, the site presented high flow due to the surrounding sugarcane plantations’ irrigation activities. In general, the river is almost stagnant and full of organic matter, especially tree trunks and leaf bundles. Site 2 has a rocky substrate (pebbles and cobbles) with sandy areas and is bereft of vegetation because it is a ford for horses, thus receiving the sun’s full impact. This site went dry during February, March, and April and could not be sampled; in May, sampling was also impossible, but this time due to flooding. Site 3 was dredged some months before this study and showed an extensive rocky bottom of porous rocks. The area is used for wading cattle. Shrubs and grasses are the dominant riparian vegetation with a few scattered trees. There are many habitats in this area of the lentic type, algae being commonly present. In March and April, this site presented almost no flow, and pools were the only microhabitat present; in May, sampling was only possible from the riverbank due to the high water level. Site 4 has a bottom formed by sand, mud, and gravel with significant quantities of submerged leaves, branches, tree trunks; secondary vegetation is present along the river margins, with some shade provided by a few trees, the land is covered with sugarcane plantations. In March, sampling was done about 500 m downstream because the original site went completely dry. Due to flooding, this site could not be sampled in May, June, and July.
Macroinvertebrate Sampling, Identification, and BMWP′-CR Index
At each sampling site, a plastic strainer with a 20 cm and 0.5 mm mesh size diameter was used to remove the substrate in the river, and macroinvertebrates were collected directly with tweezers and fixed immediately in 70% alcohol. The main criterion for this semi-quantitative collecting method is the standardized time effort; there were no defined sampling areas. All types of microhabitats present at a particular site were examined equally for macroinvertebrates during a total sampling time of 1 hour at each site. Exact details of the sampling methodology can be found in Stein et al. (2008), Kohlmann et al. (2018a), Kohlmann et al. (2018b), and Maestroni et al. (2018). This same method has been successfully used in a similar study in the Dos Novillos river, from the Caribbean tropical rainforest in Costa Rica (Kohlmann et al., 2015).
All preserved organisms were transported to the laboratory for sorting and taxonomic identification with the aid of a stereomicroscope and specialized taxonomic literature and keys (e.g., Roldán-Pérez, 1996; Merritt et al., 2008; Domínguez and Fernández, 2009; Springer et al., 2010). Doubtful identifications were verified by consulting specialists and recently published neotropical literature (Hamada et al., 2019; Damborenea et al., 2020). All samples are deposited at the Aquatic Entomology Collection of the Zoological Museum of the University of Costa Rica (MZUCR).
A modified “Biological Monitoring Working Party” index for Costa Rica (BMWP′-CR) was used to determine water quality, which is part of the country’s water quality monitoring regulation (MINAE, 2007). The BMWP index was initially developed in 1970 in England as a quick, easy, and cheap method for evaluating water quality using macroinvertebrate families as bioindicators for organic pollution in rivers and streams (Hawkes, 1997). Each family has a previously assigned sensitivity value, ranging from 1 to 10, reflecting tolerance to organic pollution, with lower numbers reflecting high tolerance. Each family’s values found at a given site are summed up to calculate the index, independently from abundance and generic or species richness. For the BMWP′-CR index used in this study, the tolerance values for each family are specified in the respective regulation (MINAE, 2007). Total scores higher than 120 points indicate undisturbed aquatic ecosystems, while low values indicate severe contamination (primarily organic) of the aquatic environment. Based on this index, a biomonitoring field-guide was developed for the Tempisque river basin (Vásquez et al., 2010) as part of the present study.
Physical-Chemical Variables and Data Analysis
The analyzed data comprise the values of the physical-chemical water quality variables (Table 1) (July 2010) and macroinvertebrate assemblage composition during a collecting period of 8 months (November 2009–June 2010). The following physical-chemical variables were measured: temperature, pH, dissolved oxygen, oxygen saturation (%), NO3−, PO4−, K+, and Biological Oxygen Demand (BOD). Potassium was chosen as a research variable because almost nothing is known about this element in Costa Rica. No salinity analyses were undertaken for this study; however, Newbold et al. (1995) analyzed the concentration and export of solutes of six streams that are part of the Tempisque basin and found that Ca2+, Mg2+, and Na+ showed a strong positive correlation with runoff and decreased with streamflow (0.4–2.25 meq/L versus normalized streamflow) in the Tempisquito and Tempisquito Sur rivers and Kathia brook, while K+ (1.38 mg/L for Tempisquito Sur) showed little response to streamflow.
Water samples were also analyzed for multiresidue pesticides by the Research Centre for Environmental Pollution (CICA) of the University of Costa Rica, using liquid-liquid extraction with dichloromethane, followed by gas chromatography in water samples, with a 95% confidence level. The following agrochemicals associated with sugarcane management were tested: Ametryn, Bifenthrin, Bromacil, Cadusaphos, Captane, Cyhalotrin, Cypermethrin, Chlorothalonil, Chlorpyrifos, Deltamethrin, Diazinon, Dichlorvos, Dimethoate, Diuron, Endosulfan α, Endosulfan β, Ethion, Ethoprophos, Fenamiphos, Forate, Imazalil, Isazophos, Malathion, Methyl Parathion, Oxadiazon, Oxyfluorfen, PCNB, Permethrin, Terbuphos, Terbutryn, Tetradiphon, Thiabendazole, Triadimephon, and Triazophos. However, no traces could be detected in the river water samples, although they were taken in July when the collecting campaign’s highest runoff occurred (Figure 4). Finding no residues does not come as a surprise because to monitor pesticides, widespread sampling would be required to detect peak concentrations during pesticide application periods (Liess et al., 2003), whereas low concentrations are very difficult to detect.
[image: Figure 4]FIGURE 4 | (A) Temperature variation and (B) hydrological behaviour (rainfall, evapotranspiration, and runoff) January 2009-December 2010 for the sampled area of the Colorado and Las Palmas rivers (0.5° × 0.5°grid cell at 10.66°N and −85.53°W).
The calculations for the hydrological behaviour (Figure 4) were done using the POWER Project (2020) program from NASA Langley Research Center (LaRC) (https://power.larc.nasa.gov/) using a 0.5° × 0.5° grid cell system at 10.66° N, and-85.53 W. ET was calculated using Hargreaves’s method (Allen et al., 2006), and the runoff followed the method of the United States Service of Soil Conservation (FAO, 1992; Cleves et al., 2016).
Different macroinvertebrate assemblage metrics are considered in this study: relative abundances, taxa richness, and functional feeding groups (FFG). For assigning the FFG groups to each taxon, the classification developed by Ramírez and Gutiérrez-Fonseca (2014) was used. This analysis is based on macroinvertebrates’ two critical aspects: morphological characteristics related to obtaining food resources (e.g., mouthparts and related structures) and behavioural mechanisms (e.g., feeding behaviour). FFG is a valuable tool that provides valuable information on ecosystem functioning, facilitating stream ecosystem comparisons, and avoiding gut content analysis traps, which is more appropriate for assigning trophic guilds (Ramírez and Gutiérrez-Fonseca, 2014). Finally, the correlation of different genera and functional feeding groups with environmental variables to define taxa as bioindicators of specific environmental variables was also analyzed.
Statistical Analysis
Taxonomic grouping and FFG analysis were compared using abundances between sites. To this effect, a simple random sample of individuals of each order was drawn separately from two different rivers (Colorado and Las Palmas). We consider each individual as a unit sample, where n-independent, identical trials (n = 5,607) can have an outcome in any cij category (i = Colorado, Las Palmas; j = 1,...,12 orders or j = 1,..., 6 FFG). The total sample size is fixed, but the row and column totals are not. Like any significance tests, chi-squared tests of independence have limited usefulness and they require large samples. They merely indicate the degree of evidence of association; therefore, we investigated here the nature of the association by using standardized Pearson residuals to identify the lack of independence fit of the taxonomic grouping or the FFG category in relation to the river category. Standardized Pearson residuals that exceed a sample odds ratio of 3 in absolute value indicates lack of independence (Agresti, 2002; p81).
A one-way analysis of variance model was adjusted to identify significant variations between sites in terms of physical-chemical variables, the abundance of macroinvertebrates, and the BMWP′-CR index (ANOVA; α = 0.05). The abundances were transformed by square root to comply with the normality of the error. The one-way ANOVA fixed model assumes homogeneity of variance within the groups it compares. When this assumption was not fulfilled, a heteroscedastic model was adjusted (Pinheiro and Bates, 1996). The selection of the best model was carried out using the Akaike information criterion (AIC) (Akaike, 1973; Burnham and Anderson, 1998; Arroyo, 2008; Zuur et al., 2009). The use of AIC is little taught in statistics classes and is far less understood in the applied sciences than should be the case (Burnham and Anderson, 1998), although recently its use in ecology and ethology has begun to become more general (Salomão et al., 2019; Souza et al., 2020; Lira et al., 2021). When the model detected significant differences, a DGC (Di Rienzo–González–Casanoves) statistical test was performed to compare means (Di Rienzo et al., 2002).
Partial Least Squares (PLS) regression is a technique that combines Principal Component Analysis and Linear Regression (Balzarini et al., 2008). It is applied when desired to predict a set of dependent variables (y), in this case, the abundance of macroinvertebrate genera and FFG abundances and the BMWP′-CR index values, from a set of predictor variables (x), in this case, physical-chemical variables. PLS is particularly suited when the matrix of predictors has more variables than observations (overfitting, as is the case here), and when there is multicollinearity among X values (the case also), as they are usually ordered in environmental gradients (Carrasco et al., 2009). Moreover, Carrasco et al. (2009) consider that this technique is more reliable than others when identifying relevant variables and their magnitudes of influence; it is commonly used in chemistry, but it has been overlooked in ecology, where it is especially appropriate. It has also been successfully applied to morphometrics (Ismail, 2018) and food science (Risoluti et al., 2020). Tobias (1995) considers it a robust form of redundancy analysis (RDA). As Carrasco et al. (2009) (p. 682) indicate: “The applicability of this method will likely be higher for inductive approaches in which the aim is the definition of patterns of variation among large sets of usually related variables.” In this analysis, a Triplot graph was superimposed on a Biplot graph (Gabriel, 1971), correlating all variables. Then, the observations (sites) appear ordered in a Triplot graph, depending on the values of the dependent variables (macroinvertebrate and FFG abundances) and their correlation with the predictor variables (physical-chemical water-quality variables). For the macroinvertebrate genera PLS analysis, out of the 195 collected genera, the multimetric analysis included only the 53 genera collected during July 2010 for the Colorado and Palmas rivers. These 53 genera, composed of 595 individuals, showed high projection values on the first two principal components. All statistical analyses were done using the InfoStat program (Di Rienzo et al., 2020).
RESULTS
Physical-Chemical Parameters
The mean values of the physical-chemical characters are indicated in Table 1. The analysis was done on samples taken during the month with the highest rainfall and runoff values and one of the lowest evapotranspiration rates. Las Palmas river evinced higher temperature (above the mean monthly temperature) and potassium values than the Colorado river. Oxygen concentration and saturation levels, and BOD values are notably higher in the Colorado river than in the Las Palmas river. Nitrate values vary from low to high in the Colorado river, whereas they remain relatively stable in the Las Palmas river. Phosphates remained at low values in all sampling sites. Levels of pH (around 7) did not vary much between both rivers. No traces could be detected in the river water samples for agrochemicals.
Diversity and Composition of Macroinvertebrate Assemblages
The study collected a total of 7,534 specimens. The Colorado river registered 3,223 collected specimens, the Las Palmas river 2,384 specimens, while 1,788 specimens were collected from the other 15 rivers within the Tempisque basin. Collected specimens belong to the following nine classes: Insecta, Arachnida, Malacostraca, Clitellata (Oligochaeta), Rhabditophora (Turbellaria), Gastropoda, Bivalvia, Hirudinea, Rhynchocoela (Nemertea). Within these classes, 76 families and 194 genera were collected from 20 orders (number of specimens in parentheses): Ephemeroptera (2,510), Trichoptera (1,219), Diptera (1,006), Coleoptera (853), Odonata (667), Basommatophora (588), Hemiptera (202), Lepidoptera (106), Megaloptera (71), Sphaeriida (70), Plecoptera (37), Decapoda (19), Lumbriculida (15), Rhynchobdellida (15), Tricladida (10), Trombidiformes (7), Blattodea (1), Eumonostilifera (1), Isopoda (1), Unionoida (1).
The total abundance analysis (Figure 5) shows that Ephemeroptera, Trichoptera, Diptera, and Coleoptera are the most prominent groups, comprising 75.2% of all collected organisms. Ephemeroptera is the most numerous taxa, with almost 34% of all individuals collected, followed by Trichoptera, Diptera, and Coleoptera with 16.5%, 13.6%, and 11.5%, respectively. Figure 6 shows the number of genera per order at each one of the three sampled river systems. The Coleoptera are the most genera-rich group, followed by the Ephemeroptera, Odonata, and Diptera.
[image: Figure 5]FIGURE 5 | Pie-graph is indicating the abundance percentage per order of the total study sample.
[image: Figure 6]FIGURE 6 | Bar-graph is indicating the number of genera per order collected in the three river systems.
Comparisons Between Sampling Sites
The family, genera, EPT richness, mean number of specimens, and mean BMWP′-CR values with resulting water quality for the Colorado and Las Palmas rivers and all other sites within the Tempisque basin are summarized in Table 2. The total family and EPT taxa richness do not show significant frequency differences between sampling sites. An ANOVA analysis was done for the number of specimens and the BMWP′-CR values for the Colorado and Las Palmas rivers. No significant differences were found in both cases. Tempisque localities were sampled only once and, therefore cannot be analyzed using an ANOVA. Water quality was regular in the Colorado and Las Palmas rivers, whereas it varied from bad to excellent in the Tempisque basin depending on the locality. Figure 7 depicts the different BMWP′-CR values for the different sampled localities in the Tempisque Basin. As can be seen, the BMWP′-CR values vary throughout the year for the same localities of the Colorado and Las Palmas rivers, ranging between regular and excellent and between very bad and excellent, respectively. Colorado showed overall better quality since all sites reached excellent water quality at least during one sampling event according to the BMWP′-CR index.
TABLE 2 | Mean number of individuals, total number of genera, EPT genera (Ephemeroptera + Plecoptera + Trichoptera), total amount of families, and mean values for the BMWP′-CR index with resulting biological water quality in the different collecting sites. Means in the same row with the same lettering are not significantly different (ANOVA, homocedastic model, DGC-Test, p > 0.05). Tempisque localities were sampled only once and cannot be analyzed using an ANOVA.
[image: Table 2][image: Figure 7]FIGURE 7 | Map showing the BMWP′-CR values found at different localities in the Tempisque Basin.
Evident changes in the abundance structure of macroinvertebrate assemblages can be observed among the two rivers (Figure 8A). Standardized Pearson residuals show that Plecoptera, Lepidoptera, and others are independent of the river category. The Colorado river shows a very distinct taxonomic structure. Many orders showed non-independence from river category. In the Colorado river, we can cite the highest collected numbers of Ephemeroptera, Trichoptera, Megaloptera, and Diptera. The Las Palmas river is characterized by having the highest numbers of Odonata, Sphaeriida, Basommatophora, Hemiptera, and especially Coleoptera, around fifteen times more than what estimated odds would consider.
[image: Figure 8]FIGURE 8 | Standardized Pearson residuals for the independence tests for (A) orders and (B) FFG. Lines indicate the standardized Pearson residuals 3 and −3.
Functional Feeding Group Analysis
The FFG analysis shows (Supplementary Figure S1) that collector-gatherers are the dominant group at all sites, with around 35% of all individuals collected. They are followed by the predators and scrapers, with each around 20% of all individuals collected, and the filterers at fourth, with around 18% of all individuals collected. Again, there are differences in the different areas’ functioning structures. Standardized Pearson residuals show (Figure 8B) that the Colorado river has the highest numbers of filterers, piercers, and shredders. The Las Palmas river has the highest number of predators, around twelve times more than what estimated odds would consider. Collector-gatherers and scrapers are independent of river category.
The FFG abundance PLS (Figure 9A) presents high variation explanatory values, with factor 1 explaining 60.0% of the total variance and factor 2 explaining 24.4%. The variables potassium and scraper abundances mainly separate the different sites on the horizontal projection, as do the variables pH and piercer and predator abundances on the vertical projection. The FFG most closely allied to the Colorado river sites, and presumably, a good indicator of a lower anthropogenic impact is scraper abundance. On the other hand, the most closely allied variables to the Las Palmas sites and presumably good indicators of anthropogenically impacted areas is the variable predator abundance.
[image: Figure 9]FIGURE 9 | Site ordination for the Colorado river (1–3) and the Las Palmas river (4–6) with a triplot PLS analysis using physical-chemical values as independent variables and (A) functional feeding group abundances as dependent variables. CG = Collector-Gatherers, Ft = Filterers, Pc = Piercers, Pr = Predators, Sc = Scrapers, and Sh = Shredders; (B) generic macroinvertebrate abundance and the BMWP′-CR index as dependent variables (FFG categories: purple = collector-gatherers, yellow = filterers, green = piercers, grey = predators, red = scrapers, blue = shredders).
Relationship Between Macroinvertebrate Assemblages, Feeding Group Approaches, Physical-Chemical Parameters, and Sampling Sites.
The macroinvertebrate abundance partial least square (PLS) analysis (Figure 9B) presents high variation explanatory values, with factor 1 explaining 51.8% of the total variance and factor 2 explaining 25.8%. The variables temperature, NO3− and to a lesser degree K+ in one direction, and BOD and oxygen saturation in the other direction, separate mainly the different sites on the horizontal projection, as does pH on the vertical one. The Colorado river localities seem to be associated with higher BOD and oxygen saturation values, whereas the Las Palmas river localities are associated with higher temperature, K+, and NO3− values. The aquatic insect genera Corydalus, Fallceon, Heterelmis, Leptohyphes, and Thraulodes, seem to be most closely related to the Colorado river and could therefore be considered indicators of less human-impacted areas. These genera are all scrapers except for the first, which is a predator. On the other hand, the most closely allied genera to the more agriculturally impacted areas, sites 4, 5, and 6, are the beetle genera Berosus, Hydrocanthus, Suphisellus, Thermonectus, and the dragonfly Progomphus, representing most likely indicators of human-impacted areas. These genera are predators except for the first, which is a collector-gatherer.
DISCUSSION
Physical-Chemical Parameters
The results recorded in this study (Table 1) can be compared with the ambient water quality criteria emitted by the Regulation for the Evaluation and Classification of Water Bodies (MINAE, 2007) for Costa Rica, as general guidelines designed to protect freshwater life, aesthetics, and recreation, which may be expected from the presence of pollutants in any body of water. For temperature, no values are given for the national legislation. The Colorado river’s relatively lower temperature values are probably a consequence of these collecting sites’ higher altitudes and permanent flow. Nitrates are an indicator of nutrient enrichment and a potential human health indicator in drinking water, the reported values < 5 identify a class 1 (no pollution) water quality, meaning the best possible ambient water quality class, ranging on a scale from 1 (best) to 5 (worst). The same applies for the pH values, where class 1 ranges from 6.5 to 8.5, and this range is considered best for fisheries; both rivers fall within this range, although the Las Palmas river deviates more from the value of 7. The Costa Rican regulations use the Dutch System for Evaluating the Physical-Chemical Water Quality for the following environmental parameters, oxygen saturation, BOD, and ammonia. Following this system and according to the oxygen saturation levels, the Colorado river falls in class 1 (no pollution), whereas the Las Palmas river falls in class 2 (incipient pollution), although the Las Palmas values are approaching the class 4 category.
Regarding BOD, which measures the degradation of natural or introduced organic matter into water, the Colorado river falls in class 4 (severe pollution), and the Las Palmas river falls in class 3 (moderate pollution). Potassium, phosphates, and oxygen are not contemplated in the Costa Rican water legislation. In our study, phosphate was always below a detection value of < 0.64 mg/L. Phosphate is essential for plant growth, but too much can damage the river’s ecology, generating eutrophication (Trodd and O’Boyle, 2018). Sewage, industrial discharges, organic and inorganic fertilizers can produce an increase of phosphate in freshwater systems. Average concentrations of < 0.025 mg/L are considered unpolluted waters (Trodd and O’Boyle, 2018). Oxygen, which is a natural characteristic of clean waters, has an inverse relationship with temperature. It is generally considered that oxygen levels below 5 mg/L dangerous conditions for fishes start to set in; below 2 mg/L fish and macroinvertebrate will show great mortality rates. The Las Palmas river has lower oxygen levels than the Colorado river, especially sites 2 and 3, probably due to its higher water temperature levels and stagnant water.
It is interesting to note here the high BOD and oxygen values for the Colorado sites. These sites are surrounded by a lush gallery forest (Figure 2), producing a rain of organic matter into the river. At the same time, there is a slope in the river generating rapids. These two conditions explain the high values for both variables. This situation is contrary to the sites at the Las Palmas river, with almost no slope and much-reduced gallery vegetation (except site 1), dominated by grasses. According to Costa Rican environmental laws, rivers flowing through plantations should be separated from them by 15 m of trees, although this condition can vary in practical terms.
Finally, potassium, a neglected nutrient, does not have a substantial health significance, except at gross levels. Skowron et al. (2018) indicate that potassium concentrations can limit the distribution of larger crustaceans. However, it is an indicator of anthropogenic activities, including agricultural use (Bu et al., 2010). It is usually found in natural surface waters under 5 mg/L (Skowron et al., 2018) and between 2 and 3 mg/L in rivers (Lenntech, 2020); the values found in both rivers are higher than that, indicating the use and pollution of freshwater by artificial fertilizers with the Las Palmas river showing higher potassium values than the Colorado river (Table 1). Potassium can be used as an indicator of surface runoff because it is very soluble and can be washed by rainfall into water bodies depending on rainfall intensity and unlike nitrogen, there are no gaseous losses of potassium (Alfaro et al., 2008; Alfaro et al., 2017; Goulding et al., 2020). This potassium runoff is exceptionally high in tropical regions (Acharya et al., 2007). Considering that the Las Palmas river area is much less covered by vegetation, this suggests a more significant agricultural runoff during rainfall and higher potassium values found in this river.
In general, the Las Palmas river evinces more pollution categories (6) than the Colorado river (1), reflecting a more intense agricultural land use impact. The Colorado river’s permanent flow could also positively impact its water quality due to a dilution effect, contrary to the intermittent Las Palmas river, which reduces its flow considerably during the dry season.
Diversity and Taxonomic Composition of Macroinvertebrate Assemblages
The diversity of macroinvertebrates obtained during this study for the Tempisque watershed, with nine classes, 20 orders, 76 families, and 194 genera, seems remarkably high if compared with other studies. A similar analysis, undertaken in a rainforest river basin of the Costa Rican Caribbean slope, the Dos Novillos, which used the same sampling method, although during a more extended sampling period (2 years versus 6 months), recorded six classes, 16 orders, 53 families, and 101 genera (Kohlmann et al., 2015). A bar graph analysis of order abundance between the Tempisque and Dos Novillos basins (Figure 10) indicates differences between the two systems, where the absence of Sphaeriida at the Dos Novillos is notorious. The present results also compare well with the diversity found at a similar watershed that ranges from pristine to human-affected areas, the Capira basin on the Pacific coast of Panama, also having a mixed evergreen and a deciduous tropical forest, where Sánchez-Argüello et al. (2010a) reported the existence of 17 orders, 69 families, and 120 genera. Another similar comparison can be made with the results reported by Ruiz-Picos et al. (2016) for two sub-watersheds, Apatlaco and Chalma-Telmembe, part of the Balsas watershed along the Mexican Pacific coast. The river systems flow through pristine to human-impacted areas, covering caducifolious, conifer, and oak forests, and registered 21 orders and 66 families.
[image: Figure 10]FIGURE 10 | Abundance percentage per order at the Tempisque and Dos Novillos river basins.
This high diversity in rivers from tropical dry areas could have a variety of possible explanations. One is the possible origin of this ecosystem. The dry tropical forest is considered an old type of ecosystem that originated in Mexico’s northwest area during the Miocene (Axelrod 1975, Axelrod 1979), expanding into Central America from Mexico around 2.5 Mya (Graham and Dilcher, 1995; Becerra, 2005). Simultaneously, the tropical rainforest is considered a recent invasion from South America into the Central and North America area, dating around 10,000 years ago (Toledo, 1982; Colinvaux, 1997). Kohlmann and Halffter (1990) have shown, in the case of the genus Canthon (Coleoptera: Scarabaeidae) and related genera of dung beetles in Mexico, that speciation processes in these older Miocene ecosystems resulted in much higher biodiversity than the one found from the recently arrived South American ecosystems, like the tropical rainforest. This situation could account for this difference in the diversity collected in Costa Rica, where dry tropical forests already had an older established history than the tropical rainforest (Colinvaux, 1997). A second possible reason for this high diversity could lay that many dry forest rivers are intermittent and change from flowing to stagnant conditions, allowing different taxa to establish during different times of the year.
Comparison Between Sampling Sites
The macroinvertebrate abundance analysis (Table 2) did not show any significant differences, probably because the Colorado and Las Palmas rivers are both under anthropogenic impact. Studies by Paaby et al. (1998), Lorion and Kennedy (2009), and Kohlmann et al. (2015) have registered greater macroinvertebrate abundances in pristine Neotropical environments than in sites under the human impact, although Sánchez-Argüello et al. (2010a) have found the opposite.
There is no statistically significant difference between the Colorado and Las Palmas rivers in the number of families and genera. However, the Tempisque basin is significantly different at the generic level, probably due to a greater collecting area with greater habitat diversity (higher number of different rivers) and a lower anthropological impact effect. Sánchez-Argüello et al. (2010a) have found that pristine areas have the highest taxonomic richness. This richness can be appreciated in Figure 6, where the Tempisque basin shows greater or equal richness in genera.
The EPT taxa richness did not show significant differences, although there seems to be a declining gradient from the least impacted area (Tempisque) to the most impacted one (Las Palmas), where the numbers dropped from 39 to 27. A similar trend was reported by Lorion and Kennedy (2009) for rivers from the Caribbean lowlands of Costa Rica, following a forest-forest buffer - pasture gradient. An analogous tendency in EPT taxa richness was also observed by Kohlmann et al. (2015), going from a forest-pasture-village-banana gradient, with EPT values diminishing from 14 to 9.
The Colorado river showed excellent BMWP′-CR values during the dry season and regular water quality values during the rainy season, whereas the Las Palmas river varied considerably from site to site and between seasons. The Colorado river results are in line with the results found by Sánchez-Argüello et al. (2010b) in Panama, where the runoff produced by the rainy season ends up changing the chemistry and polluting the rivers, therefore lowering the BMWP′-CR values. The Colorado river results also agree with the study by Kampa et al. (2000), where runoffs of anthropogenic origin affect the biological quality of water and the river capacity for self-purification. Finally, macroinvertebrate densities and taxonomic richness get diluted during the rainy season (Ramírez and Pringle, 2001; Sánchez-Argüello et al., 2010a). However, local agronomic practices can impact this clear distinction, as the Las Palmas river results suggest.
Another possibility is the hydrological differences between both rivers; whereas the Colorado river maintains a continuous, albeit low, water flow during the dry season, the Las Palmas river tends to form isolated ponds that concentrate pollutants. Although no chemical water analyses were done during the dry season, both rivers’ taxonomic composition might shed some light (Figure 8A) in this situation. The Las Palmas river has the highest abundance for Coleoptera, Basommatophora, Hemiptera, Sphaeriida, and Odonata. In contrast, the Colorado river has the highest abundance for Ephemeroptera, Trichoptera, Mehaloptera, and Diptera, and the lowest abundance values for Coleoptera. Sánchez-Argüello et al. (2010b) record a total absence of mollusks in a pristine environment while registering high abundances in human-impacted ones, as is the case with the Las Palmas river, thus suggesting high biological pollution in this river.
On the other hand, the high Coleoptera and Hemiptera abundances in the Las Palmas river correlate well with the existence of confined water ponds that form in the Las Palmas river during the dry season, and these good flying groups can quickly colonize them. These Coleoptera abundances are supported by the fact that instead of pertaining mostly to Elmidae, as reported in other studies (Sánchez-Argüello et al., 2010a; Kohlmann et al., 2015), the majority of the Coleoptera in the present study belong to the Dytiscidae and Hydrophilidae families. Akünal and Aslan (2017) found that hydrophilids thrived well in river waters with high temperatures (28–45°C) in western Turkey, possibly a reflection that higher water temperatures may allow more rapid completion of larval stages (Fairchild et al., 2003). This information coincides because the Las Palmas river sites’ mean temperatures are 2–3°C higher than those from the Colorado sites. On the other hand, Burghelea et al. (2011) indicate that Dytiscidae is a common colonizer of natural and managed aquatic environments. These studies seem to support the observed behavior of the Dytiscidae and Hydrophilidae as rapid colonizers of isolated aquatic environments.
Functional Feeding Group Analysis
FFG relative abundances change depending on human impact conditions on the river. Starting with less impacted areas, such as the Tempisque basin in general, one can observe that collector-gatherers tend to be more numerous (Supplementary Figure S1). In the second place, under more anthropologically impacted conditions, such as in the Colorado river (Figure 8B), filterers and scrapers tend to be dominant, whereas predators diminish. Lastly, under more disturbed conditions, such as at the Las Palmas river, piercers and shredders attain their lowest numbers. Comparing these results with a similar one done for the Dos Novillos river on the Caribbean coast of Costa Rica (Kohlmann et al., 2015), similar results were reported. For instance, predators and scrapers had higher abundances, and collector-gatherers and piercers lower abundances in the more organically polluted localities, whereas more pristine environments had greater piercer and lower filterer abundances. Another study, conducted by Granados-Ramírez et al. (2017) in the upper region of the Balsas basin on the Mexican Pacific coast, an area encompassing pristine to human-impacted areas, also found similar results with those obtained for the Tempisque basin. The highest percentages were recorded for collector-gatherers and predators in both studies, while shredders and piercers obtained only around or less than 5%. It would seem then that the dry tropical forest’s aridity environment has no influence over the functional feeding groups’ percentages, but long-term studies, especially from sites with none or little human impact, would be necessary to confirm this statement.
Regarding community composition and according to the seminal paper of Vannote et al. (1980) on “the River Continuum Concept”, they propose the following statements regarding the general macroinvertebrate functional groups–shredders, collectors, scrapers (grazers), and predators–in temperate areas. Vannote et al. (1980) conceptualize that scrapers’ dominance follows shifts in primary production, maximized in mid-sized rivers. It is hypothesized that shredders are codominant with collectors in headwaters, reflecting the riparian zone’s importance. As a stream increases in size and a general reduction in detrital particle size sets in, collectors should increase in importance, becoming dominant in large rivers. Finally, predators change little in relative dominance with stream order. This situation is not the case for tropical rivers in Mesoamerica, as seen in this study and Kohlmann et al. (2015). As predicted, collectors maintain dominance in the community assemblages, but no further similarities were found with the River Continuum Concept. Predators become an influential group, shredders do not attain any importance, and scrapers vie with predators for a second-place dominance. The dominance of collectors and scrapers can result from the presence of different pollution sources, as reported by Van Echelpoel et al. (2018). As pointed out by Wantzen and Wagner (2006), the low abundance of shredders in tropical streams and rivers has been reported by various authors. It seems, therefore, that the functional group assemblage in tropical forests is different from the one hypothesized by Vannote et al. (1980) for temperate rivers, where predators seem to play here a much more critical role than shredders and compete against scrapers for dominance. Other studies from neotropical rivers have also reported that, in general, predators are highly abundant, while shredders are only limitedly present (Van Echelpoel et al., 2018). Predation would seem to be an important driving force in tropical rivers.
CONCLUSION
The present study shows that macroinvertebrate abundances, taxonomic structure, and functional feeding groups are invaluable tools for taking the pulse of freshwater community assemblages. Interesting is to mention the enormous diversity of Coleoptera at the genus level at more anthropologically impacted conditions, which also have higher water temperatures and form isolated stagnant pools during the dry season.
The study shows considerably high taxonomic richness, especially at the family and genus level, probably derived from the fact that tropical dry forest colonized the area, expanding into Central America from Mexico around 2.5 Mya. In contrast, the tropical rainforest is a recent newcomer, only 10,000 years old. The intermittent nature of rivers and streams in the dry tropical forest could also partially explain this remarkable diversity. Unexpected discoveries were made, such as the first record of Prostoma, the first freshwater nemertean to be reported for the Central American region, suggesting that much of this region’s biodiversity is still waiting to be discovered.
The results found in dry tropical forests and tropical rain forests of Costa Rica contradict the “River Continuum Concept” of Vannote et al. (1980). This model hypothesizes for temperate rivers that shredders and collectors are codominant in rivers, whereas predators maintain a low profile. This situation is not the case in Mesoamerican tropical rivers, where collectors are certainly dominant, but predators and scrapers vie for second place in dominance, and shredders have low abundance importance. Filterers, shredders, and piercers are an important constant in tropical Mesoamerican rivers. Further studies are necessary for rivers from protected tropical dry areas with little or no anthropogenic influence to confirm these findings.
The use of the BMWP′-CR index revealed anthropogenic impacts on different sites and sampling dates. This method evinced changes in macroinvertebrate assemblages associated with anthropologically impacted areas, even when analytical methods could not detect the presence of pesticides in river water in the present study. As expected, the BMWP′-CR index had high scores towards the different rivers’ headwaters and then started a downstream decline. Besides the growing anthropogenic impact, this could also be the effect of a longitudinal gradient in macroinvertebrate composition or a downstream decline in taxon richness as described by Vannote et al. (1980) and Connolly et al. (2007). This situation opens new research questions, especially for freshwater ecosystems in tropical dry regions, which have been underrepresented in tropical freshwater research.
The use of PLS analyses represents a powerful tool for studying ecological data. This technique is more reliable than others when identifying relevant variables and their magnitudes of influence (Carrasco et al., 2009); it is commonly used in chemistry, but it has been overlooked in ecology, where it is especially appropriate. As Castillo et al. (2006) and Rizo-Patrón et al. (2013) have found, multivariate analysis is a more sensitive tool for detecting human impacts than toxicity tests. Therefore, multivariate analyses should be incorporated as an approach for future analyses of tropical freshwater systems.
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