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Abstract
The composition of macroinvertebrate functional feeding groups (FFGs) has been used as surrogates of ecosystem attributes in aquatic ecosystems but studies that utilize such knowledge are still limited in the tropics. This study investigated the suitability of abundance- vs. biomass-based metrics of macroinvertebrate FFGs as surrogates of ecosystems attributes of the Sosiani-Kipkaren River in western Kenya.  Macroinvertebrates were sampled in wet and dry seasons, classified into five FFGs and used to derive five metrics that are surrogates of ecosystem attributes; 1) a balance between autotrophy and heterotrophy, 2) linkage between riparian inputs of coarse particulate organic matter (CPOM) and fine particulate organic matter (FPOM), 3) top-down predator control, 4) geomorphic channel stability, and 5) relative dominance of fine particulate organic matter (FPOM) in transport compared to FPOM deposited in the sediments. Taxon richness, abundance and biomass of shredders were higher in forested sites, scrapers were numerically dominant in mid-order streams, whereas collectors dominated agricultural and urban sites. Abundance-based metrics were better predictors of ecosystem attributes and displayed greater response to changes in stream size than biomass-based metrics. Moreover, there was incongruence between abundance- and biomass-based indicators for P/R and CPOM/ FPOM. Catchment land use did not influence metric performance, suggesting that reach scale influences played a predominant role in structuring communities and determining ecosystem functioning. Although the use of FFGs as indicators of ecosystem integrity and functioning in this river show promise, lack of agreement between abundance- and biomass-based measures suggests that more studies are needed to refine the metrics used. 
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1.0 Introduction
Knowledge of ecosystem functioning in tropical rivers and riparian zones is relatively scarce, even though these rivers are among the most threatened habitat types globally (Dudgeon et al., 2006), and constitute >50% of Earth’s runoff (Schlunz & Schneider, 2000). The expansion of agriculture, urbanization, overgrazing, mining, water abstraction, hydro-morphological alterations and discharge of untreated wastewater are among the common impacts that negatively affect habitat quality, food availability and ecological integrity and functioning of streams and rivers (Dudgeon et al., 2006; Ramirez et al., 2008; Carpenter et al., 2011). To more fully understand the influence of human activities on riverine ecosystem structure and functioning globally, and safeguard the myriad ecosystem services deriving from streams and rivers, there is a need to develop and validate regional decision-support tools for bioindication (Masese et al., 2017; Ko et al., 2020). 
Because of varied behavioral and structural adaptations for food acquisition and habitats among different taxa, aquatic macroinvertebrate communities display spatial and temporal dynamics in aquatic communities in response to changes in abiotic and biotic conditions. The structure and functional composition of aquatic macroinvertebrates have been used as bioindicators of ecological integrity and ecosystem functioning (Palmer et al., 2005; O’brien et al., 2016). While there is a growing number of studies that have used functional indicators to assess the ecological conditions of streams and rivers has mainly relied on the structural composition (Cummins et al., 2005; Stone et al., 2005; Dolédec et al., 2006; Jiang et al., 2010; Savić et al., 2018), studies that have addressed the relationships between functional diversity and environmental variables in Afrotropical streams and rivers are limited (Masese et al., 2014; Makaka et al., 2018; Mangadze et al., 2019).  
In streams and rivers, the functional composition of macroinvertebrate communities is strongly influenced by both catchment-scale and riparian or reach-scale land use and other factors that influence habitat conditions, food quality and quantity (Allan, 2004; Jiang et al., 2011; Masese et al., 2014; Yegon et al., 2021).  Seasonality, which in the tropics is defined by the availability and amount of rainfall, also plays a major role in shaping habitat conditions, defining water quality, energetic connectivity between terrestrial and aquatic environments, and the abundance and diversity of food resources, which ultimately influence the structural and functional composition of macroinvertebrate communities (Bunn & Arthington, 2002; Leigh, 2013). Studies have indicated that the number of macroinvertebrates FFGs increases during the wet season (Camacho et al., 2009, Masese et al., 2014), while others have shown more abundance and richness during the dry (low flow) season (Jiang et al., 2010, Makaka et al., 2018). Some studies have attributed the lower abundance of macroinvertebrates during the wet season to increased turbidity which is a limiting factor to riverine primary production, and thus, the assimilation of algal resources by aquatic consumers is much reduced (Junk et al., 1989). In contrast, algae abundance and contribution to aquatic food webs tend to be higher during the dry season, whereas terrestrial organic matter is more important during the wet season (Zeug & Winemiller, 2008; Roach & Winemiller, 2015; Masese et al., 2015).
Although earlier studies captured in the River Continuum Concept (Vannote et al., 1980) recognized the utility of macroinvertebrate FFGs as proxies for ecosystem attributes and functioning, the past three decades have seen an upsurge in the use of species or community functional metrics or traits as surrogates of community or ecosystem function in response to various types of disturbance (Petchey et al., 2004; Verberk et al., 2013; Merritt et al., 2017), such as changes in land use and loss of riparian vegetation (Dolédec et al., 2011; Verberk et al., 2013; Fierro et al., 2017), increased amounts of fine sediments (Wagenhoff et al., 2012; Mathers et al., 2017), and for assessing ecosystem condition (Merritt et al., 2017). Thus, the functional composition of macroinvertebrates can be used as a measure of trophic dynamics and ecological condition of aquatic environments without the need to measure these attributes separately (Cummins et al., 2005; Makaka et al., 2018). This makes FFGs ecologically and economically important as they save on measurements of ecosystem characteristics that need costly inputs in personnel and equipment while providing a limited and short-lived view of ecosystem functioning. Ecosystem attributes that can be studied using the relative abundance of FFGs include trophic status (autotrophy or heterotrophy), the relative quantities of coarse particulate organic matter (CPOM) vs. fine particulate organic matter (FPOM) in the water column and on the streambed, top-down predator control, channel stability and riparian zone integrity (Merritt et al., 2017). 
Studies that have utilized ratios of FFGs as surrogates of ecosystems attributes in tropical streams (e.g.., Cummins et al., 2005) have relied on metrics developed for temperate streams (Merritt et al., 2017). However, there are intra- and inter-regional differences in the composition of macroinvertebrates FFGs (Boyero et al., 2011), which necessitates the testing and validation of these metrics before use as measures of ecosystem attributes in regions outside the temperate zone where they were developed. For instance, in comparison with temperate streams, several studies in the tropics have reported a limited number of shredder taxa (Yule, 1996; Tumwesigye et al., 2000; Dobson et al., 2002; Makaka et al., 2018), although some other studies have reported a diverse shredder guild in headwater streams (Cheshire et al., 2005; Yule et al., 2009; Masese et al., 2014). In addition, because of abundant macroconsumers in tropical streams, such as freshwater crabs and shrimps that also play major roles in organic matter processing in detrital food webs (Wantzen et al., 2008; Boyero et al., 2020), there is likely to be a discrepancy between temperate and tropical streams among metrics of ecosystem functioning based on abundance and biomass of macroinvertebrate FFGs. Apart from regional differences in the composition of FFGs that may make their application as surrogates of ecosystem attributes and ecological condition tenuous, several studies have raised methodological and other reservations concerning the approach. Switching in feeding modes and behaviour in certain facultative species at different developmental stages in the life cycle poses a challenge to assigning FFGs to different stages or instars of the same species (Merritt et al., 2017). Thus, the most reliable linkage between a food resource and macroinvertebrates is with the obligate forms in later instars. Many species also practice omnivory and ontogenetic shifts in feeding modes and behaviour depending on the prevailing environmental conditions and availability of preferred food resources. There is also the issue of potential bias when biomass- vs. abundance-based metrics are used. Biomass-based metrics tend to be biased when macroconsumers, which are mainly shredders or omnivores, are abundant in the river system as this tends to show an overabundance of shredders and a well-functioning riparian zone (Masese et al., 2014, Merritt et al., 2017). Seasonality, which influences the abundance and distribution of macroinvertebrates, may increase the variability of metrics even without a strong change in ecological condition or health of the streams.  As part of their life history strategies, some tropical insects mature and emerge during the rainy season (Jacobsen et al., 2008; Masese et al., 2014) raising concerns as to when sampling should be done for FFG ratios or metrics to accurately reflect prevailing ecological and environmental conditions. Seasonality also amplifies or ameliorates the effects of human activities on water and habitat quality (e.g., through soil erosion or dilution of pollutants during the wet season) in streams and rivers, and this can cause uncertainty in the performance of the ratios of FFGs as surrogates of ecosystem condition.  Some of the FFG ratios are likely less important than others when different attribute values can lead to the same result or interpretation, and this can be misleading when unimpaired and least-altered reference sites are concerned (Pavan and Todeschini, 2008). This also raises questions as to whether the thresholds that have been proposed for the various metrics (Merritt et al., 2005) are of universal application. 
Some of the data set used in this study has previously been used to examine the influence of land use on the functional composition of macroinvertebrates in the Sosiani-Kipkaren River system in western Kenya (Sitati et al., 2021). This study builds on the previous one to explore whether the relative abundance (ratios) of macroinvertebrate FFGs can be used as indicators of ecological condition (health) and surrogates of ecosystem attributes and whether the ratios respond to changes in seasonality and stream size.  We hypothesized that; 1) the ratios of FFGs can be used as surrogates of ecosystem attributes and at the same time serve as useful indicators of the ecological health streams influenced by different land-use activities, 2) there are differences between abundance- vs. biomass-based ratios of FFGs as surrogates of ecosystem attributes and ecological condition, and 3) the ratios of FFGs are influenced by seasonality and stream size.  The findings of this study will improve understanding of the aspects of organic matter processing, energy sources and trophic relationships in headwater tropical streams, with implications for their management and conservation. 
2.0 Materials and Methods
2.1 study area
This study was conducted in the Sosiani-Kipkaren River, which is a tributary of the Nzoia River in the Lake Victoria basin, Kenya (Figure 1). The river originates in the Kaptagat Forest, which is part of the larger Mau Forest Complex in the Kenyan Rift Valley. The climate of the area is mainly tropical humid, with a mean annual rainfall of 900–2200 mm and temperature ranging from13 °C –25 °C, although rainfall intensity and temperature vary strongly with elevation and season. The annual rainfall pattern is bimodal, with long rains between March and June, and short rains from September to November (Jaetzold & Schmidt, 1983). 
The river traverses a land-use gradient with varying human population densities and pressures (Nyadawa & Mwangi, 2010). The catchment area is characterized by forest cover at its upper reaches which transitions into small- and large-scale agriculture, settlements (rural and urban), grazing, urbanization and agro-industrial activities (Figure 1). Both commercial and subsistence agriculture are major livelihood sources for a large proportion of people in the study area.
Sites were selected in river reaches that were classified into 4 broad categories characterized by catchment or riparian land use, and reach-scale human influences: forested, agricultural, mixed and urban sites. Forest sites, had a riparian zone that was >60% forest and the catchment area upstream of the site had >60% forest, shrublands or grasslands cover. Agricultural sites and their upstream catchment areas had a riparian zone with >60% agricultural land. Urban sites were located in the proximity of Eldoret Town and were covered with >60% human settlements and other developments along the riparian zone. Mixed sites had their riparian zone and catchment areas covered by different proportions of the two land-uses, forestry and agriculture, but none exceeding 60% areal coverage. A total of 21 sites [Forest (n=5), Mixed (n=6), Agricultural (n=6) and Urban (n=4)] during the wet season and 14 of the same sites [Forest (n=3), Mixed (n=5), Agriculture (n=2) and Urban (n=4)] during the dry season were sampled (Figure 1). These sites traverse stream size and land-use gradients from the forested upper reaches, through the mixed and urban middle reaches to the lower reaches that were largely agricultural.
2.2 Measurement of stream size and habitat quality
Sampling was done during both the wet (July-August 2018) and dry (February-March 2019) seasons. At each sampling site, stream width, water depth, flow velocity and discharge were measured over a 100-m stretch. Stream width was used as a measure of stream size in the study area. It was measured with a measuring tape along several points at 11 transects placed at 10-m intervals along the reach. On each transect, water depth was measured with a 1-m ruler at several points determined by channel shape and width. Velocity was measured at the same points as depth using a mechanical flow meter (General Oceanics; 2030 Flow meter, Miami, Florida). Stream discharge was calculated by the velocity–area method (Wetzel & Likens, 2000). Data on water quality physico-chemistry and sampling methods are presented in detail in Sitati et al. (2021).
Riparian and in-stream habitat assessment was also done at each site qualitatively to determine habitat quality and diversity using the Qualitative Habitat Evaluation Index by Rankin (1995), which has been modified for the Lake Victoria Basin (Raburu & Masese, 2012). Habitat quality variables assessed included substrate type and quality, instream cover, channel morphology, riparian zone and bank erosion, and pool/glide and riffle/run quality. For each site, the percentage of streambed covered by different substrate types was estimated for each biotope sampled for invertebrates – see details below. Data on water depth and velocity were also collected for each sampled biotope. A biotope was divided into nine sub-sampling units of similar size and counting the number of units occupied by various types of substrates. The dominant substratum was defined by the particle size (boulders, cobbles, pebbles, gravel, sand and mud) that made up 50% or more of the streambed surface within the quadrat when classified according to a modified Wentworth scale into one of the size classes (Mykrä et al., 2007). In addition to substrate types, the biomass of coarse particulate organic matter (CPOM) was estimated by collecting CPOM samples in triplicates from each sampling site using a quadrat (0.5 × 0.5 m2) and placed in zip lock bags for transportation to the laboratory for processing. The CPOM collected was mainly composed of sticks, leaves, seeds, fruits and flowers.
2.3 Macroinvertebrate sampling and processing
Macroinvertebrate sampling was conducted using a semi-quantitative kick-net sampling method, as per Dickens & Graham (2002). The following biotopes were delineated and sampled within each site: 1) GSM: gravel, sand and mud; (2) STONES: bedrock, boulders, cobbles and pebbles, either under flowing or non-flowing conditions; (3) VEG: submerged and marginal vegetation. The sampling process involved disturbing / kicking the bottom upstream of the net (500-μm mesh size) so that the dislodged invertebrates could be washed into the net by water currents. Larger substrates such as boulders and cobbles were disturbed by hand and washed into the net. Three replicates per biotope (12 kick samples per site) were collected where kicking was carried out for about one minute per biotope.  A total of 420 macroinvertebrate kick samples from the biotopes were collected and preserved in 75% ethyl ethanol for further processing in the laboratory. 
In the laboratory, macroinvertebrate samples were washed in running water in sieves and transferred into sorting trays where they were counted and identified to the lowest taxon level possible, mainly genus. Identifications were done with the aid of keys and schema in several guides (Day et al., 2002 a, b; de Moor et al., 2003a, b; Merritt et al., 2008). 
Macroinvertebrate functional composition was described in terms of numerical abundance, biomass and taxon richness of the 5 FFGs (collector-gatherers {gatherers}, collector-filterers {filterers}, predators, scrapers, and shredders). Allocation of FFGs was done based on Merritt et al. (2008), Molina (2004), Dobson et al. (2002) and Masese et al. (2014). Five surrogates of ecosystem attributes (Supplementary Table 1) were determined using various ratios of macroinvertebrate FFGs based on both numerical abundance and biomass data according to Cummins et al. (2005).
2.5 Data analysis
We used two-way analysis of variance (ANOVA) to test for differences in stream size and habitat quality variables among site categories (Agricultural, Mixed, Forested and Urban) and seasons (dry and wet) with site categories and seasons as main factors and a site category × season interaction term. Where there were no significant seasonal differences, data were pooled and one-way ANOVA was used to test for significant differences among land uses followed by Tukey’s HSD post hoc test for means. We used permutational analysis of variance (PERMANOVA) to test further differences in stream size and habitat quality among land uses based on the Bray-Curtis dissimilarity matrices (Anderson et al., 2001; McArdle & Anderson, 2001).
Ratios of FFGs were evaluated in response to changes in stream size as hypothesized by the river continuum concept (Vannote et al., 1980). In the absence of Strahler stream order (Strahler, 1957) classification that is a common surrogate of stream size (Hughes et al., 2011), we used stream width, which is highly correlated with other measures of stream size, such as discharge and catchment area (Frasson et al., 2019). Relationships between metrics used as surrogates of ecosystem attributes and stream width were evaluated using generalized additive models (GAMs) (Wood, 2017), which incorporate smooth functions that are more flexible in modeling nonlinear relationships (Hastie & Tibshirani, 1990). GAMs were selected over more commonly used linear regression techniques because typical patterns in compositions of FFGs along streams and rivers are hypothesized to be nonlinear (e.g., Vannote et al., 1980). The use of GAMs also enabled the incorporation of interaction between stream size and land use as drivers of the relative abundance of FFGs along the river. GAMs were built using penalized cubic regression splines with degrees of freedom automatically identified based on the generalized cross-validation score (GCV). GAMs were fitted using the R-package mgcv (Wood & Wood, 2015). 
[bookmark: bbb0340]Statistical analyses were performed with R version 3.3.3 (R Development Core Team, 2017), using the packages vegan (Oksanen et al., 2013), sem (Fox, 2006), and deSolve (Soetaert, Petzoldt & Setzer, 2010). Figures were created in SigmaPlot (Version 12), MS Office Excel (2016) and R version 3.3.3 (R-Development-Core-Team, 2017).
3.0 Results
3.1 Stream-size and habitat quality characteristics
Significant differences across site categories were recorded in stream width, water depth, instream cover, quality of riparian zone, total habitat quality, and CPOM standing stock (Table 1). Instream cover, the quality of the riparian zone and the total habitat quality score, as well as the biomass of CPOM, declined from forested through mixed to urban sites in the study area (Table 1). The deteriorated agricultural and urban sites were deeper and wider with lower standing stocks of CPOM (Table 1). 
Table 1: Means (±SE) variation of stream size and habitat quality characteristics in the different site categories.
	Variable
	Forest 
	Mixed 
	Agriculture 
	Urban 
	F-Value
	p-value

	Stream-size variables
	
	
	
	
	
	

	   Width (m)
	5.4±0.9b
	4.9±0.6b
	15.7±1.8a
	10.4±2.7ab
	10.41
	0.001*

	   Discharge (m³/s)
	0.4±0.01a
	0.1±0.03a
	0.1±0.01a
	0.3±0.08a
	2.72
	0.061

	   Depth (m)
	0.3±0.01b
	0.2±0.03b
	0.6±0.09a
	0.4±0.06b
	7.43
	0.03*

	Habitat quality variables
	
	
	
	
	
	

	   Substrate type 
	13.2±0.8a
	13.8±1.0a
	13.2±1.1a
	13.3±1.1a
	0.06
	0.979

	   Instream cover 
	14.2±0.5a
	9.8±1.2b
	9.0±0.9b
	6.8±0.7b
	8.56
	0.001*

	   Channel morphology 
	7.4±0.3a
	6.8±0.3a
	6.8±0.3a
	6.5±0.2a
	0.93
	0.449

	   Riparian zone and bank erosion 
	15.4±1.2a
	13.8±1.1ab
	9.3±1.3b
	9.3±1.1ab
	4.69
	0.015*

	   Pool and riffle quality 
	5.8±0.5a
	5.5±0.3a
	7.2±0.8a
	6.8±0.5a
	2.96
	0.061

	   Total habitat quality score 
	56.0±2.8a
	49.8±1.0ab
	45.5±2.0b
	42.5±2.3b
	7.55
	0.002*

	Organic matter
	
	
	
	
	
	

	   %CPOM 
	52.5±6.4a
	48.6±6.3a
	41.3±5.7a
	37.7±5.5a
	0.55
	0.652

	   CPOM standing stock (g/m2)
	60.2±13.9a
	45.7±7.3a
	28.7±6.5b
	35.3±8.9b
	2.1
	0.04*


*Means that do not share a letter are significantly different, Tukey post hoc tests 
*p-values marked with asterisks are significantly different among site categories at p < 0.05

The PCA biplot combining stream size and habitat quality data collected during both the dry and wet seasons indicated clear seasonal and land-use gradients (Figure 2). The Principal Component 1 (PC 1) of the PCAs explained 35.1% while PC 2 explained 20.5% of the total variation in stream size and habitat conditions among site categories. The presence of intact riparian zones, higher CPOM biomass and increased instream cover were recorded in mixed and forested streams while wider and deeper streams with higher discharge and POM levels were recorded in agricultural and urban streams (Figure 2). There were significant differences in habitat quality and organic matter characteristics between seasons (PERMANOVA F = 2.1, df = 1, p = 0. 05), among land-use types (PERMANOVA F = 4.3, df = 3, p = 0. 001), but without a significant season × site category interaction (PERMANOVA F = 1.3, df = 3, p = 0. 21).
3.2 Macroinvertebrate assemblages
A total of 43,479 macroinvertebrate individuals were collected during the study; 35,827 individuals from 21 sites during the wet season, and 7,652 individuals from 14 sites during the dry season. A total of 15 orders, 68 families and 98 genera were collected during the wet season while 13 orders, 53 families and 67 genera were collected during the dry season. During the wet season, Ephemeroptera was the most abundant with 38.2%, followed by Diptera 15.6% then Tricladida 13.8%. The least abundant orders were Arachnida, Lepidoptera and Collembola with 0.09%, 0.08% and 0.003%, respectively. During the dry season, the order Diptera was the most abundant with 47.2% followed by Ephemeroptera with 17.8%, then Mollusca with 12.1%. The least abundant orders were Tricladida, Lepidoptera, and Arhynchobdellida with 0.2%, 0.1% and 0.09%, respectively. Taxon richness, abundance and biomass of shredders were higher in forested sites, scrapers were numerically dominant in mid-order streams, whereas collectors dominated agricultural and urban sites (Sitati et al., 2021).
3.3 Metrics of ecosystem attributes
Land use and stream size had strong influences on the ecosystem attributes (Table 2, Figure 3). Abundance- and biomass-based metrics displayed mixed outcomes for many of the ecosystem attributes assessed. Abundance and biomass data showed opposite results for the CPOM/FPOM index but agreed in terms of the channel stability and TFPOM/ BFPOM (balance between FPOM in transport and FPOM deposited in the benthos) indices. With the CPOM/FPOM index, biomass data showed that there was a strong linkage between detritivores (shredders) in the rivers and the riparian zone (CPOM > FPOM) at all site categories and during both the dry and wet seasons. On the contrary, abundance-based metrics did show no such linkage (CPOM < FPOM, Table 2). 
Seasonality influenced congruence between abundance- and biomass-based metrics of ecosystem functioning, with more disagreements during the wet than the dry season. For instance, abundance and biomass data agreed that forested sites were heterotrophic (P < R), but differed on the rest of the sites with abundance data showing that they were autotrophic (P > R) while biomass data showing that they are heterotrophic (P < R). During both seasons the top-down control index based on both abundance and biomass data indicated that other than the forest sites, the rest of the sites had an overabundance of predators. Irrespective of site category, all sites had a stable channel and more fine particulate matter being transported from upstream than that being deposited in the benthos during both the dry and wet seasons as indicated by the TFPOM/BFPOM index (Table 2). 
There were strong seasonal differences in performance of abundance- vs. biomass-based metrics of ecosystem functioning (Figure 3). Stream size influence on the metrics varied between the abundance- and biomass-based metrics. The P/R and CPOM/FPOM ratios were better explained with the biomass-based metrics. This is because, as expected for low order streams, sites in the upper reaches (narrower streams to the left of the graphs) were heterotrophic (P/R < 1) and had an overabundance of CPOM (CPOM/ FPOM < 1), but this was not the case for the same metrics based on abundance data. On the other hand, channel stability and TFPOM/BFPOM ratios were better explained by the abundance-based metrics (Figure 3). As expected, channel stability declined with increasing human influence downstream and there were more FPOM in transport in the headwaters while deposition of the same (FPOM) occurred downstream. Unexpectedly, the abundance-based P/R metric indicated that during the dry season in the mid reaches, the system was heterotrophic. Similarly, with the CPOM/FPOM metric, the abundance-based data indicated poor linkage between food webs in the river and the riparian zone in forested sites during the wet season. Biomass-based channel stability metric showed that forest sites were not stable during both the wet and dry seasons (Figure 3).
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Table 2: Mean values of stream ecosystem attributes derived from the FFG ratios along the Sosiani-Kipkaren River site categories during the wet (n=21) and dry (n=14) seasons. Ratios are based on the numerical abundance and biomass of FFGs. *Boldface indicates autotrophy, strong shredder linkage with riparian zone, an over-abundance of predators with strong top-down control, stable channel or more FPOM being transported in the river column. *and boldface identify those values above the threshold for that metric.
	
	Abundance-based attributes
	
	Biomass-based attributes

	Land use
	P/R ratio
	CPOM/ FPOM
	Top-down control
	Channel 
stability
	TFPOM/ BFPOM
	
	P/R ratio
	CPOM/ FPOM
	Top-down control
	Channel 
stability
	TFPOM/ BFPOM

	Wet season
	
	
	
	
	
	
	
	
	
	
	

	Forest
	0.67
	0.14
	0.12
	3.00*
	2.12*
	
	0.02
	38.40*
	0.12
	0.06
	2.34*

	Mixed
	0.79*
	0.18
	0.28*
	2.36*
	1.20*
	
	0.46
	42.39*
	0.66*
	0.62*
	1.26*

	Agriculture
	1.88*
	0.22
	0.17
	2.93*
	0.43
	
	0.26
	10.13*
	1.19*
	0.35
	0.69*

	Urban
	0.95*
	0.2
	0.82*
	5.30*
	5.15*
	
	0.33
	0.81*
	0.28*
	1.76*
	15.73*

	Dry season
	
	
	
	
	
	
	
	
	
	
	

	Forest
	0.41
	0.23
	0.10
	4.63*
	4.12*
	
	0.06
	70.53*
	0.16
	0.07
	0.66*

	Mixed
	0.74
	0.17
	0.59*
	4.14*
	4.57*
	
	0.29
	99.20*
	1.12*
	0.43
	1.73*

	Agriculture
	0.30
	0.24
	1.22*
	1.85*
	2.26*
	
	0.37
	45.32*
	0.44*
	0.85*
	1.83*

	Urban
	0.86*
	0.20
	1.93*
	2.26*
	4.29*
	
	4.67*
	3.62*
	0.45*
	5.94*
	14.30*


#Threshold values for the attributes are: P/R: >0.75, CPOM/FPOM: >0.25, Top/Down Control: >0.20, TFPOM/BFPOM: >0.50 and stable channel: >0.50 (Cummins et al., 2005).




Longitudinal changes in ecosystem functioning were explored using GAMS with the abundance and biomass data being plotted separately during the dry and wet seasons (Figure 4). There were both seasonal differences in the responses of abundance- and biomass-based attributes of ecosystem functioning with relationships between FFG rations and stream width clearer during the dry season than during the wet season (Figure 4).   However, there were no significant interactions between the land use smoother and stream width (data not shown), indicating that land use did not influence longitudinal patterns in the FFGs metrics as surrogates of ecosystem functioning. Abundance-based attributes performed better than biomass-based attributes by agreeing with postulated changes in some of the metrics with increasing stream width (stream size). For instance, as expected the abundance-based showed an overabundance of CPOM over FPOM and a stable stream channel (stable substrate) in the headwater sites with a decrease in these metrics downstream during the dry season (Figure 4b, c). Similarly, the abundance-based P/R ratio significantly increased with streams size, while TFPOM/BFPOM decreased with an increase in stream size during the wet season, (Figure 4e, h). In comparison, biomass-based attributes showed significant longitudinal relationships with stream size only during the dry season, with P/R ratio and channel stability increasing with an increase in stream size (Figure 4i, k) while CPOM/FPOM ratio showed an opposite relationship with the increase in stream size. 
There was disagreement between abundance- vs biomass-based attributes of ecosystem functioning for most of the attributes that showed significant or marginally significant (p < 0.1) relationships with stream width (Figure 4). For instance, abundance-based P/R ratio and channel stability metrics decreased with stream size, while the biomass-based alternatives of the same metrics increased with stream size. Both the abundance- and biomass-based TFPOM/BFPOM metric showed a consistent non-linear relationship with a higher amount of FPOM in the benthos than in the water column in both small (narrower) and large (wider)  streams, but a lower amount in mid-sized streams.  

4.0 Discussion
This study shows that macroinvertebrate FFGs displayed both spatial (stream size vs land use) and temporal (dry vs wet seasons) variability in abundance and biomass of macroinvertebrates, which had a strong influence on the performance of various ratios of FFGs used as surrogates of ecosystem functioning in the river. The various FFG ratios/ metrics displayed responses to land use and stream size, as hypothesized, although there were disagreements between abundance- and biomass-based options of the metrics as surrogates of ecosystem attributes. Most notably, biomass-based metrics were poor predictors of ecological condition (mainly autochthony vs allochthony, functionality of the riparian zone and channel stability) while abundance-based metrics were a better approximation of assessments based on physical measures of water and habitat quality, and as postulated by the river continuum concept (Vannote et al., 1980). Nevertheless, the FFG metrics used offered insights into the ecological condition and functioning of the river. The findings of this study support our first hypothesis on the potential of ratios of FFGs to be used as surrogates of ecosystem attributes and indicators of the ecological health in the river. The findings also support our second and third hypotheses on differences between abundance- vs. biomass-based ratios of FFGs as surrogates of ecosystem attributes and ecological condition and the influence of seasonality and stream size on the metrics, respectively.  
4.1 Macroinvertebrate FFGs and environmental relationships
Seasonality and land-use change influenced the functional organization of macroinvertebrates by accentuating differences in stream size, habitat quality, and organic matter characteristics. There was high abundance and richness of FFGs during the wet season than the dry season (Sitati et al., 2021) which can be attributed to an increase in habitats as marginal vegetation were flooded and a broad diversity of habitat and diverse flow velocities were available for both rheophilic taxa and pool taxa (Dallas, 2007; Munoz-Mas, 2019; Masese et al., 2020). Food resources are also abundant and diverse during the wet season from run-off from terrestrial sources (Zeug & Winemiller, 2008). 
The abundance of most taxa was considerably lower during the dry season which is likely as a result of deteriorating water quality (Sitati et al., 2021), shrinkage of habitat, and limited food supply as a result of lack of hydrological connectivity between the terrestrial and aquatic environment (Harrison & Hynes, 1988; Shivoga, 2001). However, studies in tropical streams have shown that the abundance of taxa can increase during the dry season, but mainly of a limited number of burrowing and soft-bodied taxa that are tolerant to organic pollution and flow cessation (Tumwesigye et al., 2000; Mathooko et al., 2005; Arimoro et al., 2012). 
Flow reduction during the dry season contributes to seasonal variability in physicochemical conditions that can influence macroinvertebrate communities (Masese et al., 2009). For instance, we recorded the lowest DO concentration and highest nutrient levels and electrical conductivity during the dry season (Sitati et al., 2021), which is indicative of point sources of pollution, which in urban areas emanates from wastewater treatment facilities and outfalls from agro-industrial facilities.
4.2 FFGs as surrogates of ecosystem attributes 
The spatio-temporal dynamics of macroinvertebrate FFGs in response to disturbance rendered them quite amenable as surrogates of ecosystem functioning and the ecological condition of the river. The various ratios of FFGs (metrics) used were able to track shifts in ecosystem integrity and functioning as a result of changes in stream size, land use/ disturbance and seasonality. However, abundance- and biomass-based indices did not quite agree in all attributes and periods (wet and dry seasons), but there were interesting agreements in others, with land-use change and stream size having strong influences on the ecosystem attributes (Table 2). 
Abundance- and biomass-based metrics displayed opposite results for the P/R index, CPOM/FPOM index, and channel stability, but near-perfect agreement for top-down control and the balance between FPOM in transport and FPOM deposited in the benthos (Table 3). Abundance data indicated that while the forested sites were heterotrophic (P/R < 0.75), the rest of the sites were autotrophic; an observation that conforms to earlier studies in Kenyan streams (Masese et al., 2014, 2017). On the contrary, biomass data indicated that all sites were heterotrophic, which is an indication of poor sensitivity of this metric to changes in stream size or land use. Surprisingly, the river was more heterotrophic during the dry than the wet season. This is contrary to expectations because the river was more turbid (higher TSS concentrations) during the wet season, which, in addition to cloud cover and scouring, would reduce primary production and turn the river heterotrophic (Griffiths et al., 2013; Masese et al., 2017). Thus, autotrophy at most of the sites during the wet season, and only at urban sites during the dry season, is a significant departure from expectations based on other measures of ecosystem functioning.  
Another instance of poor performance of the biomass-based metric was on the CPOM/ FPOM index, whereby the abundance-based results captured the removal of riparian vegetation along urban and agricultural streams. However, the biomass-based index showed a strong linkage (CPOM > FPOM) between detritivores or shredders that consume CPOM and the riparian zone where the material is derived at all site categories and seasons. This poor performance of biomass-based metrics can be attributed to the presence of large-bodied shredders, especially Potamonautes sp. and tipulids, whose presence, even in small numbers, can disproportionately shift the P/R ratio toward greater heterotrophy as the CPOM/FPOM ratio metric identify sites as having a well-protected and functioning riparian zone when in essence they are not. These results raise the question about potential bias in biomass-based indices of ecosystem functioning when large-bodied macroconsumers, such as freshwater crabs are part of the communities. Although macroconsumers, such as crabs, crayfish and shrimps are often classified as shredders and play major roles in organic matter processing in tropical streams (Schofield et al., 2001; Masese et al., 2014), they are also omnivores with a diverse diet, implying that their classification as shredders when calculating metrics of ecosystem functioning may be misleading. Moreover, macroconsumers can exert strong top-down controls on other invertebrates (Lancaster et al., 2008), which would disadvantage their relative roles as indicators of ecosystem condition and functioning. 
There was an increase in predator-driven top-down control with land-use change as indicated by both abundance- and biomass-based metrics. Urban and agricultural streams had an overabundance of predators, such as Hemiptera, Coleoptera, and Odonata. Increased abundance of predators, especially large-bodied odonates, beetles, and bugs, which are fast colonizers and tolerant to poor water quality (Boulton & Lake, 2008), has been reported in disturbed streams, especially during droughts (Masese and Raburu, 2017). Some coleopterans (beetles) and hemipterans (bugs) are also known to persist in drying pools and their high mobility enables them to escape and seek refuge in larger and permanent ones (Velasco & Millan, 1998). Some odonate species are also tolerant to flow variation and temperature (Stewart & Samways, 1998; Hardersen, 2008), and this can partly explain their high abundance and diversity at urban and agricultural sites. 
There was close correspondence in the performance of channel stability and TFPOM vs BFPOM metrics as measures of ecological condition. Across the four land uses, both abundance- and biomass-based metrics showed that there was more FPOM in transport as compared to that deposited on the streambed, while the abundance-based metric showed that all sites had stable instream substrate. These two metrics relied mainly on Hydropsychidae and Simuliidae, which have been found to thrive in moderately disturbed sites with organic material utilized by Simuliidae that are the main prey for predatory Hydropsychidae (Rivers-Moore et al., 2007; Masese & Raburu, 2017). This tolerance to organic pollution and cosmopolitan distribution of these two families biased assessment of the geomorphologic condition of the river against visual evidence of erosion and sedimentation, especially at agricultural and urban sites. 
There were notable longitudinal shifts in metrics of ecosystem attributes in response to increasing stream size (Figure 4). From the RCC predictions, it’s expected that change in stream size would affect the composition of FFGs, and hence the metrics used here as measures of ecosystem functioning. In some instances, the ecosystem attributes agreed with the predictions of the RCC (Vannote et al., 1980), and in some instances, there was total disagreement, but these were dependent on the season and on whether the metrics were abundance- or biomass-based. For instance, headwaters streams were heterotrophic and mid-reaches were autotrophic, which is in agreement with the RCC concept. Moreover, for most biomass-based metrics relationships were weak or non-existent, further highlighting the weaknesses of using biomass as a measure of ecosystem integrity. The weak longitudinal relationship implies that changes in stream size did not play a significant role in influencing the functional composition of macroinvertebrates as surrogates of ecosystem functioning, but rather the changes were a result of confounding factors of seasonality and reach scale influences caused by agricultural activities and urbanization in the vicinity of the sampling sites. 
The better performance of abundance- vs. biomass-based metrics of ecological condition and function in this river was supported by the visual assessment of sites based on water quality variables and the qualitative habitat quality index. The poor performance of biomass-based metrics in this study raises interesting questions on the importance of macroconsumers and other large-bodied individuals, such as some odonates, bugs, and beetles as bioindicators of ecological condition in streams and rivers. In the context of biodiversity and ecosystem functioning, evidence shows that species richness and diversity can enhance ecosystem functioning (Hooper et al., 2005; Cardinale et al., 2012). This can be interpreted to imply that a diverse community of taxa belonging to various FFGs would be a better predictor of ecological condition and ecosystem function compared to a less diverse community dominated by a few taxa. In a system with macroconsumers as ours, abundance better approximates species richness, than biomass. For instance, freshwater crabs can constitute more than 80% of the biomass of invertebrates (Masese et al., 2014), which significantly diminishes the presence and role of other invertebrates. Moreover, the poor performance of biomass-based metrics and some abundance-based metrics could be a result of using threshold values that were developed for temperate streams (Merritt et al., 2017), and may not be appropriate for tropical streams where the composition of FFGs and tolerance of taxa to different forms of disturbance are different (Boyero et al., 2009; Masese & Raburu, 2017).
Despite the challenge of applying and interpreting ratios of macroinvertebrate FFGs as measures or bioindicators of ecological conditions and surrogates of ecosystem functioning in streams and rivers, there is a growing body of knowledge on their use in different parts of the tropics, although studies that use biomass metrics, and Afrotropical studies, in particular, are limited (Supplementary Table 2 and 3). Although the studies considered are not comprehensive, they show that the performance of most of the FFG metrics is not rigorous enough discriminating the influence of land-use change or human disturbance and seasonality on the ecological condition and functioning of streams. For instance, the abundance-based P/R ratio judged all streams or sampling sites as heterotrophic, irrespective of whether they were in forested or other areas (Supplementary Table 2). At the same time, the streams were all judged to have a poor riparian zone that was disconnected from the basal energy resources utilized by detritivores/ shredders. This is at least contradictory, but also a likely outcome of the use of threshold values for the ratios developed for temperate streams in tropical or subtropical streams. A limited number of studies that have used biomass data in the calculation of the FFG metrics (Supplementary Table 3) makes comparison across sites and regions difficult. However, the presence of macroconsumers that are either omnivores or shredders in most tropical streams (Wantzen et al., 2008; Moulton et al., 2010) will always bias the CPOM/FPOM metric and judge most sites to have a healthy riparian zone supplying the bulk of the energy to the stream food webs in terms of CPOM/ leaflitter. These considerations need to be incorporated in future studies and assess whether we need different threshold values or the biomass data needs to be treated differently.             

5.0 Conclusions
This study adds to the growing knowledge on the functional organization of macroinvertebrates in tropical streams and their use as bioindicators of ecosystem functioning, both at spatial and temporal scales. We show that seasonality and land-use change are major drivers of the functional organization of macroinvertebrates communities in tropical streams through their influence on proximate drivers such as stream size, organic matter quality and standing stocks, and habitat quality. Although there were disagreements between abundance- vs. biomass-based metrics used as surrogates of ecosystem functioning, some metrics were in agreement, also with some of the predictions of the RCC, which confirms the potency of this approach as a means of assessing both the ecological integrity and functioning of tropical streams. The abundance-based metrics were more reliable as they agreed with visual assessments of the sites based on water and habitat quality, and cases of disagreements from expected patterns would be explained by the confounding caused by land-use change and point sources of pollution (urbanizations and industries). Overall, the use of FFG-based metrics as surrogates of ecological condition and ecosystem functioning in tropical streams holds promise, but there is a need to evaluate and update threshold values for the various metrics originally developed for temperate streams, as these may not be applicable.
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Figure captions

Figure 1: Location of sampling sites along the Sosiani-Kipkaren River, Kenya.
Figure 2: PCA biplot for habitat quality and stream size variables according to land use (upper panel) and season (lower panel) in the Sosiani-Kipkaren River, western Kenya.
Figure 3: Performance of abundance- vs. biomass-based metrics of ecosystem function in the Sosiani-Kipkaren River as determined by different ratios of macroinvertebrate functional feeding groups. The dashed line show thresholds indicating a change in ecosystem attributes for each metric as shown in Table 1. Note the difference in the y-axis scale for CPOM/ FPOM metric between the abundance and biomass metrics because of the high biomass of freshwater crabs. 
Figure 4: Longitudinal variability in ecosystem attributes derived from the composition of FFG along the Sosiani-Kipkaren River during the dry (a-d and i-l; n =14) and wet (e-h and m-p; n =21) seasons. Ecosystem attributes are based on numerical abundance (a-h) and biomass (i-p) of FFGs. To test the significance of the relationships, we fitted a GAM model with a smoothing function. The black line with grey shaded area represents smoother mean and s.e.; smoother significance, R2 and GCV are supplied in the figures. Note the changes in y-axis values across graphs. Ln CPOM/FPOM for biomass data are as a result of the high biomass values of freshwater crabs among shredders.
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Table 1: Means (±SE) variation of stream size and habitat quality characteristics in the different site categories.
	Variable
	Forest 
	Mixed 
	Agriculture 
	Urban 
	F-Value
	p-value

	Stream size variables
	
	
	
	
	
	

	   Width (m)
	5.4±0.9b
	4.9±0.6b
	15.7±1.8a
	10.4±2.7ab
	10.41
	0.001*

	   Discharge (m³/s)
	0.4±0.01a
	0.1±0.03a
	0.1±0.01a
	0.3±0.08a
	2.72
	0.061

	   Depth (m)
	0.3±0.01b
	0.2±0.03b
	0.6±0.09a
	0.3±0.06b
	7.43
	0.03*

	Habitat quality variables
	
	
	
	
	
	

	   Substrate type 
	13.2±0.8a
	13.8±1.0a
	13.2±1.1a
	13.3±1.1a
	0.06
	0.979

	   Instream cover 
	14.2±0.5a
	9.8±1.2b
	9.0±0.9b
	6.8±0.7b
	8.56
	0.001*

	   Channel morphology 
	7.4±0.3a
	6.8±0.3a
	6.8±0.3a
	6.5±0.2a
	0.93
	0.449

	   Riparian zone and bank erosion 
	15.4±1.2a
	13.8±1.1ab
	9.3±1.3b
	9.3±1.1ab
	4.69
	0.015*

	   Pool and riffle quality 
	5.8±0.5a
	5.5±0.3a
	7.2±0.8a
	6.8±0.5a
	2.96
	0.061

	   Total habitat quality score 
	56.0±2.8a
	49.8±1.0ab
	45.5±2.0b
	42.5±2.3b
	7.55
	0.002*

	Organic matter
	
	
	
	
	
	

	   %CPOM 
	52.5±6.4a
	48.6±6.3a
	41.3±5.7a
	37.7±5.5a
	0.55
	0.652

	   CPOM standing stock (g/m2)
	60.2±13.9a
	45.7±7.3a
	28.7±6.5b
	35.3±8.9b
	2.1
	0.04*


*Means that do not share a letter are significantly different, Tukey post hoc tests 
*p-values marked with asterisks are significantly different among site categories at p < 0.05 



Table 2: Mean values of stream ecosystem attributes derived from the FFG ratios along the Sosiani-Kipkaren River site categories during the wet (n=21) and dry (n=14) seasons. Ratios are based on the numerical abundance and biomass of FFGs. *Boldface indicates autotrophy, strong shredder linkage with riparian zone, an over-abundance of predators with strong top-down control, stable channel or more FPOM being transported in the river column. *Asterisks and boldface on values identify those that are above the threshold for that metric.
	
	Abundance based attributes
	
	Biomass-based attributes

	Land use
	P/R ratio
	CPOM/ FPOM
	Top-down control
	Channel 
stability
	TFPOM/ BFPOM
	
	P/R ratio
	CPOM/ FPOM
	Top-down control
	Channel 
stability
	TFPOM/ BFPOM

	Wet season
	
	
	
	
	
	
	
	
	
	
	

	Forest
	0.67
	0.14
	0.12
	3.00*
	2.12*
	
	0.02
	38.40*
	0.12
	0.06
	2.34*

	Mixed
	0.79*
	0.18
	0.28*
	2.36*
	1.20*
	
	0.46
	42.39*
	0.66*
	0.62*
	1.26*

	Agriculture
	1.88*
	0.22
	0.17
	2.93*
	0.43
	
	0.26
	10.13*
	1.19*
	0.35
	0.69*

	Urban
	0.95*
	0.2
	0.82*
	5.30*
	5.15*
	
	0.33
	0.81*
	0.28*
	1.76*
	15.73*

	Dry season
	
	
	
	
	
	
	
	
	
	
	

	Forest
	0.41
	0.23
	0.10
	4.63*
	4.12*
	
	0.06
	70.53*
	0.16
	0.07
	0.66*

	Mixed
	0.74
	0.17
	0.59*
	4.14*
	4.57*
	
	0.29
	99.20*
	1.12*
	0.43
	1.73*

	Agriculture
	0.30
	0.24
	1.22*
	1.85*
	2.26*
	
	0.37
	45.32*
	0.44*
	0.85*
	1.83*

	Urban
	0.86*
	0.20
	1.93*
	2.26*
	4.29*
	
	4.67*
	3.62*
	0.45*
	5.94*
	14.30*


#Threshold values for the attributes are: P/R: >0.75, CPOM/FPOM: >0.25, Top/Down Control: >0.20, TFPOM/BFPOM: >0.50 and stable channel: >0.50 (Cummins et al., 2005).
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