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Although several studies have investigated the relationships between water

quality in rivers and the types of land use within their catchments, many aspects

of these relationships remain unclear in Afromontane-savanna rivers, especially

the interactions between catchment land use, seasonality and stream size.

Afromontane-savanna catchments present a unique situation where headwater

regions and lowlands have experienced more dramatic land cover change, but

mid-elevation regions remained rather natural. We examined the influence of

seasonality, catchment land use and stream size, including their interactions, on

water physico-chemistry, nutrients andmajor ions in the Afromontane-savanna

Mara River in Kenya, using data collected from 2010 to 2018 at >150 sampling

sites in the Kenyan part of the river. We developed generalized linear mixed

models (GLMMs) to explore the influence of seasonality (dry and wet seasons),

land use (forest, mixed, agriculture and grasslands), stream size (stream orders

1–7), and their interactions on river water quality. Water quality variables

included physico-chemical measures (pH, dissolved oxygen [DO]

concentration, temperature, electrical conductivity, total dissolved solids

[TDS], turbidity, total suspended solids [TSS] and particulate organic matter

[POM]), nutrients (NH+
4, NO

−
3, total dissolved nitrogen [TDN], total nitrogen [TN],

soluble reactive phosphorus [SRP], total phosphorus [TP] and dissolved organic

carbon), and major ions (Cl−, F−, SO2−
4 , Na+, K+, Ca2+, Mg2+, Fe2+, HCO−

3 and Si).

There were clear differences in average values of most water quality variables

among land uses with sites in savanna grasslands having high levels of major

ions, ammonium and P, while agricultural sites had higher dissolved fraction of

N (except ammonium). Stream order was a poor predictor of water quality, and

most parameters did not display any relationship (either linear or non-linear)

with stream size. Our results can be used to efficiently enhance water quality by

developing strategies for stream restoration and management based on the

predomination type of land use in the catchments.
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Introduction

Streams and rivers are sentinels of conditions in the

catchments they drain (Karr, 1998; Williamson et al., 2008).

Because of the strong influence of catchments on rivers (Hynes,

1975), many studies have sought detailed analysis of water

quality to infer biogeochemical and hydrological processes at

the catchment scale. Catchment influences on the condition of

rivers are assumed to be strongest at the headwaters where the

linkage between the terrestrial and the fluvial domain is strongest

(Vannote et al., 1980; Lambert et al., 2011). Yet, the contribution

of catchments and headwater streams is important to the physical

and biogeochemical characteristics of entire river basins,

especially in terms of the transfer and transformation of

carbon, nitrogen, phosphorus, and associated elements (Cole

et al., 2007; Battin et al., 2009; Aufdenkampe et al., 2011).

Land use change from natural vegetation to other uses (e.g.,

agriculture, urbanization, or grazing) is one of the major causes

of water quality degradation and loss of ecological integrity in

rivers worldwide (Allan, 2004; Dudgeon, 2010; Vörösmarty et al.,

2010; Brauns et al., 2022). Catchment land use change influence

the structure and functioning of rivers mainly through changes in

runoff and erosional processes, organic matter dynamics, the

input of nutrients and major ions, in-stream ecosystem processes

such as primary production, organic matter processing and

nutrient cycling, and the composition of biological

communities (Dudgeon et al., 2006; Bernot et al., 2010;

Petrone, 2010; Tank et al., 2010; Woodward et al., 2012;

Fugère et al., 2018). The proportion of different land use types

in a catchment is closely correlated with many water quality

parameters in aquatic systems (Lenat and Crawford, 1994; Tong

and Chen, 2002; Hwang et al., 2016). For instance, there is

agreement that catchments with high proportions of

developed land area (i.e., urban land use) tend to have higher

concentrations of water pollutants and nutrients (Roberts and

Prince, 2010; Nagy et al., 2012; Hwang et al., 2016). Similarly,

levels of electrical conductivity, major ions and suspended

sediments in rivers increase with the proportion of

agricultural land (Minaya et al., 2013; Kilonzo et al., 2014;

Masese et al., 2017). However, some studies have shown that

the influence of land use on some water quality parameters in

rivers does not only depend on the proportion of different land

use types in the catchment area, but also on the size and use of the

riparian zone (Minaya et al., 2013; Fierro et al., 2017; de Mello

et al., 2018; Hilary et al., 2021; Kadeka et al., 2021).

Apart from spatial variability, surface water quality also

varies greatly over time or temporally (Chang, 2008; Guo

et al., 2019, 2020). In this regard, seasonality, or the flow

regime, which in the tropics is dominated by the difference in

the amount of rainfall and runoff generated from the catchments

(i.e., wet vs. dry season), can directly or indirectly influence many

biogeochemical and ecological processes in rivers, including

water quality. Pollutants entering a river system normally

depend on rainfall patterns, which drive the rainfall-runoff

processes that underpin constituent mobilization and

transport (Lintern et al., 2018). During the wet season,

increased runoff from farmlands and developed areas can

increase the levels of sediments, nutrients and organic matter

transported by rivers (Kilonzo et al., 2014), although for most

constituents there is often a lag and hysteresis caused by a non-

linear relationship between discharge and concentration

(Sanderman et al., 2009; Lambert et al., 2011; Bouillon et al.,

2012). In intermittent or ephemeral rivers, cessation of flow

creates a series of isolated pools that may or may not be

connected through interstitial flow. Thus, the spatial and

seasonal shifts in flow levels can interact with land use and

other human activities to influence the composition and

concentrations of materials transported by rivers (Paetzold

et al., 2008; Roach et al., 2014; Rodrigues et al., 2018).

Therefore, it is crucial to understand patterns and changes in

average water quality across broad spatial and temporal scales to

develop sustainable management strategies (Thompson et al.,

2011; Godsey et al., 2019).

Studies on the spatial and temporal dynamics and

determinants of water quality in Afromontane-savanna river

systems are very limited. Nevertheless, water quality changes

in these systems can occur at short spatial and temporal scales

because of the highly heterogenous nature of the landscapes

created by rapid changes in elevation, amount of rainfall, geology

and vegetation type. Usually, conditions in the uplands are

characterized by higher amounts of rainfall and cooler

temperature that support broadleaf tropical vegetation while

in the lowlands the conditions are much drier, soils shallow

and vegetation sparse and dominated by shrublands and

grasslands (Tamooh et al., 2012; Abrantes et al., 2013; Aich

et al., 2014; Mushi et al., 2019; Englmaier et al., 2020). Unlike

other biomes, Afromontane-savanna rivers also present a unique

situation where land use features vary both altitudinally and

longitudinally from the headwaters. Specifically, while rivers are

postulated to exhibit a prominent shift in physical and chemical

factors from headwaters to the lower reaches (e.g., water

temperature, different fractions of organic matter and their

sources (Vannote et al., 1980; Downing et al., 2012; Creed

et al., 2015), different patterns have been reported in African

savanna rivers (e.g., Masese and McClain, 2012; Masese et al.,

2015, 2022). In these landscapes, the abundance and biomass of

large mammalian herbivores (both wildlife and livestock) also

present a natural gradient characterized by low numbers in the

forested uplands and high densities in the savanna grasslands in

the lowlands. Rivers that drain these landscapes display a tight

coupling with terrestrial ecosystems through the vectoring role of

both livestock and large wildlife in transferring large amounts of

organic matter and nutrients through egestion and excretion at

watering and crossing points along the rivers (Subalusky et al.,

2015; Iteba et al., 2021). African savanna landscapes are also

emerging as new frontiers of land use change as human
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FIGURE 1
Map of the Mara River catchment showing the position of the sampling sites.
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populations and their livestock migrate into marginal lands in

semi-arid and arid areas to ease pressure on more productive and

densely populated humid lands. As a result, the humid headwater

regions and drier savanna lowlands have experienced more

dramatic landcover changes, but mid-elevation regions

remained rather natural. Thus, the postulated upstream-

downstream gradients (e.g., Vannote et al., 1980) may not

apply to these systems. Moreover, rivers draining savanna

landscapes are seasonal with highly variable flow regimes

characterized by cessation of flow during the dry season and

flash flooding during the rainy season (McClain et al., 2014).

These attributes of Afromontane-savanna rivers present

intriguing scenarios for understanding the interactions among

different drivers of water quality in rivers.

In this study, we investigated the influence of seasonality,

land use and stream size/order on several water quality variables

(physico-chemical measures, nutrients, and major ions) in

Afromontane-savanna rivers using the Mara River, Kenya, as

a case study. Our key objectives were to 1) identify the spatial

variability in mean water quality variables at the river basin scale

and across different land use types and stream sizes/orders; 2)

determine the influence of seasonality, land use and stream size

and their interactions as drivers of water quality in the river; and

3) determine the influence of stream size/orders on longitudinal

trends in water quality variables in the river. We hypothesized

that is be strong variability in both mean concentrations and

water chemistry across land use types and between seasons,

which would influence the role of stream size as a predictor

of water quality in the river. The Mara River basin (MRB) is

representative of many river basins in Africa that partially drain

humid uplands and semi-arid lowlands with wide variations in

elevation, rainfall and geology. Therefore, this analysis will

contribute to understanding how water quality responds to

land use change at the basin scale, which can be used to

inform water resources management in the continent.

Materials and methods

Study area

This study was conducted on the Kenyan part of the Mara

River basin (MRB, Figure 1). The Mara River is an

Afromontane-savanna river that partly drains an

Afromontane tropical forest and partly semi-arid grasslands

and shrublands hosting large numbers of livestock and wildlife

(Ogutu et al., 2016; Veldhuis et al., 2019). The headwaters of its

two perennial tributaries, the Nyangores and Amala rivers,

drain the larger Mau Forest Complex (MFC) in the Mau

Escarpment, which is the most extensive tropical moist

broadleaf forest in East Africa (Wass, 1995). In the middle

and lower reaches, the Olale Orok, Sand and Talek tributaries

drain the semi-arid grasslands and shrublands of the Maasai

Mara National Reserve (MMNR) and adjoining conservancies

in Kenya and the Serengeti National Park (SNP) in Tanzania

(Figure 1).

In the highlands, the climate is relatively cool and seasonal

due to the high altitude, and is characterized by distinct

rainfall seasons and low ambient temperatures that fall

below 10°C during the cold months of January-February.

Rainfall varies with altitude with the highlands receiving

around 2000 mm of rainfall per annum while the semi-arid

lowlands in the MMNR and adjoining areas receiving around

1,000 mm. The altitudes in the basin range from 2,932 m

around the sources in the Mau Escarpment to 1,134 m

around Lake Victoria. Dry conditions are experienced

during January-March and two wet conditions during

March-July and October-November, which are periods for

the long and short rains, respectively. However, variations

sometimes occur at the onset and end of the rainy and dry

periods. Potential evapotranspiration varies between

1,400 mm in the highlands to 1800 mm in the lowlands

(Jackson and McCarter, 1994).

Until the middle of the past century, the MRB was covered by

montane forest in the headwaters and a mixture of shrublands

and grasslands throughout its middle and lower reaches in Kenya

(Serneels et al., 2001; Mati et al., 2008). However, land use change

to agriculture and grazing lands and settlements has reduced

coverage of both the broadleaf forest in the headwaters and the

grasslands in the middle reaches (Lovett andWasser 1993; Obati,

2007). With human population growth in the area averaging 3%

p. a., land use practices are bound to intensify with remnant

forests and grasslands likely to be converted into farmlands,

settlements and livestock grazing areas.

Study design

In this study, we used data on water quality variables that

were collected from 2010 to 2018 covering both the wet season

(April-June and October -December) and dry season (January-

March and July-September). These data were collected from

more than 150 sites spread out in the entire MRB in Kenya

(Figure 1). Some of the data have been published in previous

works, including Minaya et al. (2013), Masese et al. (2014a, b,

2017, 2022) and Iteba et al. (2021). Although data were available

from 2010 to 2018, most of the data used were collected in 2010,

2012, 2016 and 2018.

To capture spatial and temporal variability in water

quality across the entire river basin, sampling sites were in

rivers draining a gradient of catchment land use from 100%

forestry or grasslands to 100% agriculture. The sampling sites

were then classified into four broad land use categories

depending on the proportions of forest, grasslands, and

agricultural land use in the entire catchment upstream of

the sampling sites. Based on the Digital Elevation Model of
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Kenya (90 m by 90 m), obtained from the Shuttle Radar

Topography Mission, catchments were delineated and the

area of each major land use category upstream of each

sampling site was calculated. Forest (FOR), grassland

(GRAS) and agriculture (AGR) sites drained catchments

with the proportion of catchment land use under forestry,

grasslands, and agriculture >60%, respectively. Mixed (MIX)

sites did not meet the catchment land use criteria for, GRAS

and AGR sites, and had an intermediate mixture of two or

three of the major land use types.

The forested (FOR) sampling sites were in Mau Forest

Complex in the headwaters of the Amala and Nyangores

rivers, which are the main and perennial tributaries of the

Mara River. Along FOR streams, the riparian corridor was

largely intact with a mixture of indigenous vegetation

throughout the catchment (Figures 2A,B). Compared to AGR

sites, water quality in FOR streams was less turbid even

immediately after storm events (Figures 2B,C). The AGR and

MIX sampling sites were in agricultural areas in the middle

reaches of the MRB. While AGR sites drained catchments that

were entirely on agricultural land, MIX sites were in catchments

that were partly forested and partly agricultural, with none of the

two land uses dominating with >60% (Figure 2D). MIX sampling

sites were in agricultural areas (Figures 2E,F). People living in the

adjoining areas of the MFC and MMNR in the AGR and MIX

catchments are involved in semi-intensive subsistence

agriculture of mainly tea, maize, beans and potatoes and

animal husbandry. Along many agricultural streams on the

highlands, indigenous riparian vegetation has been replaced

by exotic Eucalyptus species and other exotic trees (Masese

et al., 2014b; Kroese et al., 2020). Livestock footpaths that

connect grazing areas to the rivers are also a common feature

FIGURE 2
Sampling sites in rivers in different land uses in the Mara River basin, Kenya; Forest (A–C), Mixed (D–G), Agriculture (H–J) and Grasslands (K–N).
Upper panel photos show the landscape in each of the four land uses (A) forested, (D)mixed land use, (H) agricultural land use, and (K) grasslands. The
middle panel photos show the condition of streams in the different land uses during the dry season, (B) forested, (E,F)mixed land use, (I) agricultural
land use, and (L,M) grasslands. The lower panel photos show the condition of the streams in the different land uses during the wet season, (C)
forested, (G)mixed land use, (J) agricultural land use, and (N) grasslands. Photo credits: (A–H,N)–FrankMasese; (I,J)–ElizabethWanderi; (K,L)–Evans
Ole Keshe; (M)–Paul Geemi.
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of many AGR and MIX catchments, and overused unpaved

tracks are a major cause of erosion and surface runoff into

the rivers (Kroese et al., 2020). Cattle entrance points to

streams are generally highly disturbed and have degraded

riverbanks, and the water is often turbid from livestock access

and trampling even during the dry season (Figures I, J).

The GRAS sampling sites were in the seasonal tributaries (the

Olare-Orok, Talek and Sand rivers) draining semi-arid areas of the

lower MRB basin (Figure 1). These tributaries drain undulating

plains that are dominated by grasslands interspersed with

shrublands (Figure 2K). Land use here is protected for wildlife

in the MMNR and SNP, but the adjoining areas are used as

conservancies for livestock grazing while at the same time allowing

wildlife protection (Veldhuis et al., 2019). The Serengeti-Maasai

Mara ecosystem is host to one of the largest populations of large

wildlife in the world (Figure 2K), including >4,000 hippopotami

(hippos) in the Mara River and seasonal tributaries in the MMNR

and SNP (Kanga et al., 2011). This region hosts large herds of

livestock which use the rivers for watering and crossing. Both large

wildlife (mainly hippos) and livestock have a strong influence on

water quality and ecological integrity of rivers through the input of

large amounts of organic matter and nutrients through excretion

and egestion (Subalusky et al., 2015; Iteba et al., 2021). Because of

the large herds of livestock and the potential for overgrazing, there

have been concerns about sheet and gulley erosion and

sedimentation of rivers (Dunne, 1979; Dutton et al., 2018).

Water quality variables

The sampling methods and laboratory analysis of the water

quality variables used in this study are presented in the

Supplementary Materials. The data were divided into three

categories or datasets: physico-chemical measures, nutrients and

major ions. The data on physico-chemical measures included pH,

dissolved oxygen (DO), temperature, electrical conductivity, total

dissolved solids (TDS), turbidity, total suspended solids (TSS) and

particulate organic matter (POM). The second dataset was on

nutrients and included ammonium (NH4
+), nitrates (NO−

3 ), total

dissolved nitrogen (TDN), total nitrogen (TN), soluble reactive

phosphorus (SRP), total phosphorus (TP) and dissolved organic

carbon (DOC). The third dataset was on major ions and include

chloride (Cl−), fluoride (F−), sulphate (SO2−
4 ), sodium (Na+),

potassium (K+), calcium (Ca2+), magnesium (Mg2+), ferrous iron

(Fe2+), bicarbonates (HCO−
3 ) and silicon (Si).

These water quality variables were considered in this study

because of their exhaustive availability from other studies, where

they have been proven to be responsive to catchment scale

influences (e.g., agricultural, or urban land use) and local reach-

scale disturbances such as wastewater disposal, clearance of

riparian zones, livestock disturbance and other stressors

(Minaya et al., 2013; Hwang et al., 2016; Iteba et al., 2021; Li

et al., 2022). In many countries and monitoring programs, most of

these water quality measures, such as dissolved oxygen (DO), pH,

dissolved nitrogen and phosphorus, total nitrogen (TN) and total

phosphorus (TP) form part of the criteria used for determining the

condition of surface waters and for long-term monitoring and

management of aquatic ecosystems (e.g., Hwang et al., 2016;

Diamantini et al., 2018; Putri et al., 2018). All variables are

expressed in mg/L except pH (−), electrical conductivity (μS

cm−1) temperature = water temperature (°C). Concentrations

below the detection limit were set to the detection limit.

Data analysis

We used principal component analysis (PCA) to reduce the

dimensionality of the water quality data by collapsing the

variables into individual PCs to avoid multicollinearity. The

PCA also allowed us to identify correlated variables and the

grouping of sampling sites based on land use and stream order.

We included three PCs to describe water quality. The statistical

differences in water quality variables between seasons, land use

and stream sizes (including interactions), and the statistical

significance of the PCAs was assessed using permutational

analysis of variance (PERMANOVA) based on z-standardized

data (McArdle and Anderson, 2001; Anderson andWalsh, 2013).

We used generalized linear mixed models (GLMMs) to

determine the drivers of water quality variables as responses

(Zuur et al., 2009; Pinheiro et al., 2017). Given our unbalanced

study design (Figure 1), the use of GLMMs allowed us to account

for temporal and spatial autocorrelation by including the year of

sampling (Lamberti et al., 2010; Strauch, 2012; Chen and Lu, 2016;

Wang et al., 2018) and sampling sites in the models. GLMMs were

fitted using the lme function in the nlme package in the R platform

(Pinheiro et al., 2017). For each response variable, GLMMs

included season (dry and wet), land use (FOR, MIX, AGR,

GRAS), stream order (order 1–7) and the proportion of

agricultural land use/cover within the study reach’s drainage

area (Percent AGR) as fixed effects, including potential

interactions, and year and sampling site (nested within a year)

as random effects. We included Percent AGR in the models

because, in addition to the land use types, agriculture has been

found in many studies to have a significant influence on water

quality in rivers as an integrated measure of land-use influences on

stream condition (Allan, 2004). In addition, Percent AGR was

highly negatively correlated with the proportion of forested land

use/cover, making it a good indicator of the effects of deforestation

on water quality. As a continuous variable, Percent AGR was also

better for fitting linear or non-linear relationships with water

quality measures in the study area.

For comparison of the GLMM models, we fit an initial

“full” model that included seasonality, land use, stream order

and Percent AGR as fixed effects, and “year” and “site” as

random effects. To identify the most parsimonious GLMM

model that included only significant predictors for most water
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quality variables, we used a step-wise ANOVA approach based

on the Akaike Information Criterion (AIC) to achieve an

optimal model that explained most variation with the

fewest predictors, with the lowest AIC among non-

significant models indicating the best model (Burnham and

Anderson, 2004). For each GLMM model, we computed

marginal R2 (Rm
2 , variance explained by fixed factors) and

conditional R2 (Rc
2 , variance explained by the entire model, i.e.

by fixed and random factors) coefficients with the

“r.squaredGLMM” function in the “MUMIN” package

(Barton and Barton, 2015). To compare models, we used

Akaike’s information criterion (AIC). The best-fit model

based on AIC was identified using the AICcmodavg package

(Mazerolle, 2017) in the R platform.

We used generalized additive models (GAMs) (Wood and

Wood, 2015) to explore relationships in catchment

characteristics and some select physico-chemical measures in

the river. GAMs incorporate smooth functions that are more

flexible in modelling nonlinear relationships (Hastie and

Tibshirani, 1990). GAMs were fitted using the mgcv package

(Wood and Wood, 2015) in the R platform (R Core Team, 2020)

and built using penalized cubic regression splines with degrees of

freedom automatically identified based on the generalized cross-

validation score (GCV).

We used GAMs to explore relationships between the river

distance from the source (RDS), stream order and the proportion

of land under grasslands. We also used GAMs to relate in situ

turbidity data (NTU) and particulate organic matter (POM, mg/L)

FIGURE 3
Box-and-whisker plots of water quality measures across different land use types in the Mara River basin during the dry and wet seasons. FOR =
Forest, AGR = Agriculture, MIX = Mixed and GRAS = Grasslands.

Frontiers in Environmental Science frontiersin.org07

Wanderi et al. 10.3389/fenvs.2022.972153

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.972153


to total suspended solids (TSS) concentration (mg/L). To explore the

water quality variables in the study area further, we also evaluated

the influence of stream size on longitudinal trends in water quality

variables in the Mara River using GAMs. Instead of using stream

order (Strahler, 1957), we used the continuous river distance from

the source (RDS) as ameasure of stream size (Rasmussen et al., 2009;

Masese et al., 2015, 2022). For each sampling site, RDS was

calculated as the square root of the drainage area in km2

(Rasmussen et al., 2009) as a general measure reflecting the

linear dimension of a watershed. This measure of stream size is

based on the understanding that the average length of stream paths

leading to a point in the drainage can be expressed as a power

function of the drainage area (Gregory and Walling, 1973) with the

exponent 0.5 (Smart, 1972).

In all statistical analyses, response variables were log-

transformed to meet model assumptions of normality when

appropriate, and all analyses were conducted with an alpha of

0.05. Statistical analyses were performed with R version 4.0.2 (R

Core Team, 2020) using the packages vegan (Oksanen et al., 2020).

Results

Patterns in water quality

There were both seasonal and spatial variations in water

quality variables in the study area (Figures 3, 4). For most sites,

DOC, TDN, TSS and TP were higher during the wet season

FIGURE 4
Box-and-whisker plots of water quality parameters across different stream orders (stream sizes) in the Mara River basin during the dry and wet
seasons. FOR = Forest, AGR = Agriculture, MIX = Mixed and GRAS = Grasslands.
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compared with the dry season when TN, electrical conductivity

and temperature were higher (Figure 3). At AGR and GRAS sites,

POM reduced during the wet season indicating input of

sediments poor in organic matter.

There were differences in physico-chemical measures,

nutrients, and major ions among the land uses (Figure 3), but

differences among stream orders were very minimal (Figure 4).

There were significant differences in water quality variables

between the dry and wet seasons (PERMANOVA F = 6.1,

df = 1, p < 0.001), among land use types (PERMANOVA F =

12.3, df = 1, p < 0.001) but not among stream orders

(PERMANOVA F = 1., df = 1, p = 0.096). There was a

significant interaction of season with land use (PERMANOVA

F = 2.6, df = 1, p = 0.026), but not of season with stream order

(PERMANOVA F = 1.0, df = 1, p = 0.400). Neither was there an

interaction between land use and stream order (PERMANOVA

F = 1.4, df = 1, p = 0.198) nor among the three factors–season,

land use and stream order (PERMANOVA F = 1.6, df = 1, p =

0.123). This implies that the influence of land use on water

quality depended on the season. For variables with significant

differences among land uses, GRAS sites had the highest levels of

all physico-chemical variables (except DO concentrations) and

concentrations of major ions (Figure 3). Although there were

seasonal differences in water quality, trends among land use types

(Figure 3) and stream orders (Figure 4) were the same during the

dry and wet seasons.

Ordinations of water quality variables

In the PCA ordinations all the PCAs were statistically

significant (PERMANOVA F = 3.8, df = 7, p = 012). We used

three PCA axes (PC1-3) to explain the variance in water

quality in the dataset. The first PCA axis (PC 1) accounted

for the highest variance in the dataset with 38.1% while PC

2 and PC 3 accounted for 14.3% and 10.7% of the variance,

respectively (Figure 5). The PC 1 is considered to be the land

use axis or gradient along which sites were separated according

to catchment land use with higher levels of electrical

conductivity, water temperature and major ions (Cl−, K+,

Na+, Ca2+ and Mg2+) in AGR and GRAS sites (Figure 5A).

FOR sites recorded the highest DO levels and GRAS the lowest

levels.

The PC 2 separated sites according to turbidity, TSS, POM

and TP with higher levels in AGR and GRAS (Figure 5A).

However, the separation of water quality was not complete

FIGURE 5
PCA biplot for water physico-chemistry variables across five land uses (regions) in the Mara River basin. The left panel (A,C) displays loadings for
regions, and the right panel (B,D) shows loadings for stream size (stream orders). DO = dissolved oxygen, Temp = temperature, Cond = electrical
conductivity, HCO3 = bicarbonate, NO3 = nitrates, SO4 = sulphate, DSi = dissolved silica.
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TABLE 1 Results of generalized linear mixed models (GLMM) of the effects of season, land use, stream order and percent agricultural land use in the
catchments upstream of each sampling site (Percent AGR) on the physico-chemical water quality parameters, nutrients and major ions in the
Mara River, Kenya. Physico-chemical measures included dissolved oxygen concentration (DO, mg/L), temperature (0C), electrical conductivity (µS/
cm), total suspended solids (TSS, mg/L), particulate organic matter (POM, mg/L), and total dissolved solids (TDS, mg/L). Nutrients included
ammonium (NH4, mg/L), nitrates (NO−

3, mg/L), total dissolved nitrogen (TDN, mg/L), soluble reactive phosphorus (SRP, mg/L), dissolved organic
carbon (DOC,mg/L) and the ratio of carbon to nitrogen (C: N). Major ions included chloride (Cl, mg/L), sulphate (SO2−

4 , mg/L), potassium (K,mg/L),
calcium (Ca, mg/L), ferrous iron (Fe [II], mg/L) and dissolved silica (DSi, mg/L). In all cases, d.f. = 1. Highlighting significant differences: *p < 0.05,
**p < 0.01, ***p < 0.001.

Fixed effects β (±SE)t-value β (±SE)t-value β (±SE)t-value β (±SE)t-value β (±SE)t-value β (±SE)t-value

Water
physico-
chemistry

DO Temperature Conductivity TSS POM TDS

Intercept 2.01 (±0.07)28.29*** 2.67 (±0.04)61.23*** 4.75 (±0.23)21.0*** 2.99 (±0.56)5.38*** 2.24 (±0.65)3.44*** 4.43 (±0.19)23.05***

Season −0.002 (±0.02)−0.09 −0.06 (±0.014)−3.9*** −0.44 (±0.10)−4.5*** 0.10 (±0.14)0.70 0.22 (±0.16)1.40 −0.34 (±0.07)−4.73***

Land use −0.04 (±0.02)−2.36* 0.09 (±0.01)8.88*** 0.41 (±0.05)7.91** 0.73 (±0.12)6.29*** 0.52 (±0.13)3.87*** 0.36 (±0.05)7.99****

Stream order 0.01 (±0.01)1.08 0.04 (±0.01)5.78*** −0.02 (±0.03)−0.6 0.02 (±0.07)0.24 0.08 (±0.08)1.10 −0.02 (±0.03)−0.63

Percent AGR −0.0002 (±0.001)−0.25 −0.001 (±0.004)−2.3*** −0.003 (±0.002)−1.4 −0.01 (±0.004)−1.65 −0.006 (±0.005)−1.21 −0.001 (±0.002)−0.51

Random effects

Year (SD) 0.037 1.446 3.611 0.550 0.688 3.115

Site (SD) 0.114 0.104 0.239 0.996 1.197 0.344

Residuals (SD) 0.174 0.095 0.752 0.996 1.043 0.523

AIC -68.92 -354.6 727.9 982.3 1,043.9 565.7

R2
GLMM(m) 0.033 0.595 0.325 0.268 0.149 0.359

R2
GLMM(c) 0.344 0.815 0.387 0.693 0.691 0.552

Nutrients NH4 NO−
3 TDN SRP DOC C: N

Intercept −1.67 (±0.38)−4.34*** −1.14 (±0.27)−4.2*** −0.34 (±0.19)−1.83 −4.43 (±0.43)−10.34*** 0.94 (±0.21)4.51*** 5.29 (±2.11)2.50*

Season −0.14 (±0.19)−0.75 0.14 (±0.13)1.01 0.13 (±0.10)1.27 0.15 (±0.16)0.94 0.015 (±0.09)0.18 0.01 (±0.86)0.01

Land use 0.23 (±0.08)2.86** -0.08 (±0.07)-1.29 0.04 (±0.04)0.91 0.29 (±0.08)3.50*** 0.27 (±0.04)6.72*** 1.89 (±0.37)5.09****

Stream order −0.10 (±0.05)−1.05 0.003 (±0.04)0.06 −0.04 (±0.03)−1.52 -0.04 (±0.05)-0.88 -0.03 (±0.02)-1.17 -0.30 (±0.29)-1.32

Percent AGR −0.01 (±0.003)−4.37*** 0.01 (±0.003)4.30*** 0.004 (±0.002)2.26* −0.008 (±0.003)−2.48* −0.005 (±0.002)−3.4*** −0.07 (±0.01)−4.96***

Random effects

Year (SD) 0.365 0.049 0.055 0.687 0.308 3.725

Site (SD) 0.511 0.496 0.159 0.772 0.343 2.654

Residuals (SD) 1.014 0.836 0.688 0.750 0.412 4.215

AIC 932.9 829.8 666.5 851.8 473.6 1782.3

R2
GLMM(m) 0.111 0.078 0.027 0.068 0.203 0.135

R2
GLMM(c) 0.357 0.320 0.082 0.679 0.645 0.603

Major ions Cl SO2−
4 K Ca Fe (II) DSi

Intercept 1.05 (±0.32)3.23** 0.98 (±0.39)2.52* 2.46 (±0.25)10.0*** 1.98 (±0.28)7.13*** -0.54 (±10.75)-0.72 3.76 (±0.24)15.50***

Season -0.49 (±0.07)-6.96*** -0.47 (±0.09)-5.02*** -0.60 (±0.08)-7.9*** -0.59 (±0.08)-7.03*** 0.02 (±0.11)0.20 -0.53 (±0.07)-7.55***

Land use 0.48 (±0.05)8.85*** 0.43 (±0.07)6.46*** 0.23 (±0.05)4.32*** 0.46 (±0.05)8.65*** 0.18 (±0.08)2.21* 0.07 (±0.044)1.60

Stream order 0.02 (±0.03)0.47 -0.003 (±0.04)-0.08 -0.04 (±0.03)-1.14 -0.02 (±0.03)-0.57 0.08 (±0.05)1.60 -0.03 (±0.03)-1.26

Percent AGR -0.005 (±0.002)-2.35* -0.01 (±0.003)-2.84** -0.005 (±0.02)-2.51* -0.01 (±0.002)-3.76*** 0.004 (±0.003)1.31 -0.004 (±0.002)-2.45*

Random effects

Year (SD) 0.540 0.637 0.267 0.377 1.518 0.357

Site (SD) 0.481 0.517 0.438 0.371 0.649 0.292

Residuals (SD) 0.556 0.759 0.611 0.692 0.868 0.585

AIC 931.3 1,172.8 982.3 1,061.5 1,308.8 906.8

R2
GLMM(m) 0.319 0.202 0.216 0.342 0.013 0.147

R2
GLMM(c) 0.747 0.632 0.541 0.585 0.786 0.474

NB: AIC = Akaike’s information criterion. The marginal R2 (GLMM [m]; fixed effects only) and the conditional R2 (GLMM [c]; fixed and random effects) represent the proportion variance

explained by each model. SE = standard error; SD = standard deviation. For random effects, the “Site” is also the “intercept”.
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along PC 2, implying that despite the catchment land use

influences, local reach-scale conditions also influenced some

water quality characteristics. For instance, sites in the semi-

arid areas of the MRB (GRAS sites) in the Olare-Orok and

Talek tributaries and sites in the Mara River mainstem

recorded high levels of electrical conductivity, water

temperature and concentrations of major ions, including

conservative ions (Cl−, F−, SO2−
4 ).

The PC 3 was a nutrients gradient that separated sites

according to nutrient concentrations. Surprisingly, AGR sites

and GRAS sites were separated in terms of nutrient

concentrations, whereby sites with high densities of

livestock and wildlife (GRAS sites) had low concentrations

of total and dissolved N (except ammonium) compared with

AGR sites, but high concentrations of NH4
+, SRP and TP

concentrations (Figure 5C). Ammonia behaved differently

compared to other species of N with high concentrations in

GRAS and some AGR sites. The GRAS sites also had high C: N

ratios, indicating a predominance of C compared to N in the

water.

For all the three ordinations of physico-chemical variables,

nutrients and major ions, stream order did not play a major role

in the separation of the sites (Figures 5B,D). The only notable

separation was on water chemistry (major ions) where stream

orders 6 and 7 seemed separated from the rest of the smaller

stream orders (Figures 3B,D). However, this is likely

coincidental as most of the large river sections of the Mara

River are also in semi-arid lowlands where other local

influences are potentially playing a major role in influencing

water chemistry and quality, such as high temperature due to

aridity/increased evaporation, the influence of the large

populations of livestock and large wildlife and potential

changes in geology and erosion potential of the soils.

Drivers of water quality

A total of 20 model comparisons were made on the effects of

different drivers on water quality variables in the Mara River

(Supplementary Information). The best model identified for the

GLMMmodel included four drivers without interactions - seasons,

land use, stream order and the proportion of agricultural land in

the catchments of the sampling sites (Percent AGR) (Tables 1).

Themodel included the year of sampling and sampling site (nested

within years) as random effects.

The GLMM identified different responses in physico-chemical

measures, nutrients and major ions to seasonality, land use, stream

size and percent agricultural land use in the catchments of the

sampling sites (Percent AGR) (Table 1). After a series of step-wise

evaluation of many GLMM models, land use was identified as the

main driver of water quality, followed by Percent AGR, seasonality

then stream size. Land use had the strongest influence on water

quality by influencing all (eighteen) variables except three (NO−
3 ,

TDN and Si). Percent AGR was the second most important

driver of water quality by having a significant influence on

twelve out of the eighteen water quality variables analyzed

(Table 1). While land use had a stronger influence on

physico-chemical measures, Percent AGR had a very strong

influence on all the physical measures and nutrient

constituents, respectively. Both land use and Percent AGR

had a similar influence on major ions. Seasonality was the

third most influential driver of water quality in the river by

having a significant influence on five of the six major ions and

three physico-chemical measures, but none of the nutrients.

Interestingly, stream order played a minor role in influencing

water quality in the river by only having a significant influence

on water temperature.

Relationships among physico-chemical
measures

Several relationships were explored between catchment

characteristics and selected physico-chemical water quality

variables (Figure 6). The regression converting TSS to

turbidity has a slope of 1.051 and an R2 of 0.98

(Figure 6A), while that for POM has a factor of 0.157 and

an R2 of 0.31 (Figure 6B). The low slope for the relationship

between TSS and POM indicates that the proportion of POM

in TSS (only 16%) was very low, an indication of large

proportions of inorganic particles in TSS. Moreover, the

relationship also shows that in large rivers the relationship

is non-linear, indicating that small streams have higher

amounts of organic matter, while large rivers transport

more inorganic materials. The relationship between RDS

and the proportion of grasslands in the catchments of the

sampling sites (Percent GRAS) was positive (Figure 6C; r =

0.66, p < 0.001), which is expected given that the Mara River

drains large areas of protected semi-arid areas in the MMNR,

and conservancies used for livestock grazing.

Longitudinal trends in water quality
variables

River distance from the source (RDS), and effectively stream

size, had significant influences on many of the water quality

variables as explored by GAMs (Figure 7). The stream size

influenced dissolved oxygen and water temperature whereby

DO concentration decreased with stream size, while water

temperature increased as expected (Figure 7). Electrical

conductivity had higher values as the distance increased from

the sources (Figure 7). Interestingly, TSS and POM did not

respond to changes in stream size, implying that other factors

played a predominant role. Similarly, none of the nutrients

responded to changes in stream size. Small agricultural
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streams and large grassland streams had high nutrient

concentrations which diminished the influence of stream size

on nutrient concentrations.

Major ions showed the strongest positive response to

increasing stream size. Four solutes Cl−, SO2−
4 , Na+ and Fe2+

showed a positive response while dissolved silica (DSi) did not.

These relationships were driven by high concentrations in large

river sections that were in grassland areas that are semi-arid and

host large populations of livestock and large wildlife.

Discussion

In this study, we explored the influence of land use,

seasonality and stream size or order as drivers of water

quality in the Mara River using a dataset collected from

2010 to 2018. The results show that land use has the greatest

influence on water quality and diminishes the influence of stream

size as a predictor of water quality in the rivers. Specifically,

agriculture and grazing were identified as the main drivers of

water quality in the river with suspended sediments, turbidity,

nutrients, and major ions (including conservative ions) having

the highest concentrations in AGR and GRAS sites compared

with FOR and MIX sites. Although seasonality played a major

role in influencing water quality in the rivers, this influence is a

likely amplification of land use effects through runoff, erosion

and leaching of solutes. Despite the predicted influence of stream

size on some physical and chemical characteristics of rivers,

including different fractions of organic matter (Vannote et al.,

1980), the influence of stream order on water quality was rather

small in this study.

Influence of land use on water quality

The AGR and GRAS sites had lower levels of dissolved

oxygen (DO) concentration, and higher levels of electrical

conductivity, dissolved organic carbon and the ratio of C: N.

These patterns have previously been reported in other

Afrotropical rivers (Kroese et al., 2020; Dalu et al., 2022),

but limited comparative data exist for Afromontane-savanna

rivers. Specifically, the influence of land use and livestock

grazing on water quality in rivers in semi-arid landscapes

has been done anecdotally without basin-wide comparisons.

This is of significance because agricultural land use and other

human activities are likely to intensify as human populations

in many African countries (averaging 2–3% p. a.) continue

to grow. The most notable development over the years has

been an expansion of agriculture and human settlements to

FIGURE 6
Relationships between different characteristics and water
quality variables in the Mara River and its basin as explored using
generalized additive models (GAMs). The relationships are
between (A) TSS [mg/l] and turbidity [uS/cm], (B) TSS [mg/L]
and POM [mg/L], and (C) RDS and Percent GRAS. To test the
significance of the relationships, we fitted a GAM model with a
smoothing function. The black line with light-blue shaded area
represents smoothermean and s. e.; smoother significance,R2 and
GCV are supplied in the figures.
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marginal (semi-arid) areas of the basin; while natural

forests reduced significantly between 1986 and 2000,

grasslands reduced even at a higher rate (Serneels et al., 2001;

Mati et al., 2008).

The land use influence on water quality was clearly expressed

in total suspended sediments, turbidity, electrical conductivity,

nutrients and major ions (including conservative ions), which

were higher in AGR, and GRAS sites compared with FOR and

FIGURE 7
Longitudinal trends (changes with stream size) in water quality variables in the Mara River, Kenya as explored using generalized additive models
(GAMs). RDS = river distance from source, determined as the square-root of catchment area in km2. To test the significance of the relationships, we
fitted a GAM model with a smoothing function. The black line with light-blue shaded area represents smoother mean and s. e.; smoother
significance, R2 and GCV are supplied in the figures that show significant relationships.
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MIX sites. These findings indicate that these water quality

variables, especially electrical conductivity and major ions,

respond to changes in catchment biogeochemical processes,

such as runoff, mineralization and leaching of elements, that

are brought about by land use change (Neill et al., 2006). Previous

studies in Afrotropical rivers have also reported higher values of

these measures for agricultural streams (Kibichii et al., 2007;

Kasangaki et al., 2008).

Although AGR and GRAS sites had high concentrations of

nutrients, the specific constituents differed between the two land

uses. AGR sites had high amounts of NO−
3 and TDNwhile GRAS

sites had high amounts of ammonia, SRP and TP. For AGR sites,

high concentrations is linked to the use of nitrogenous fertilizers

on farmlands by subsistence farmers. Studies have shown that

the amount and timing of fertilizer application on farmlands

have strong consequences on surface water quality (e.g., Potter

et al., 2010). As in other highlands of the Rift Valley, Kenya, the

headwaters of the Mara River basin experience a lot of use of

nitrogenous and other types of fertilizers on horticultural farms

and tea plantations (Maghanga et al., 2013; Jacobs et al., 2017).

Kenya is one of the African countries with high usage of

fertilizers (FAO, 2019) that can get into streams and rivers as

part of runoff from agricultural lands. Previous studies in

streams and rivers draining high potential agricultural lands

have reported high levels of dissolved nitrogenous fractions

potentially arising from fertilizer use on farmlands (Mokaya

et al., 2004; Maghanga et al., 2013; Kilonzo et al., 2014; Jacobs

et al., 2017; Masese et al., 2017).

Conversion of native forest cover to farmlands is also

accompanied by changes in the composition of vegetation in

the riparian zones of streams and rivers. One such common

change in highland streams in Kenya is plantation forestry of

exotic tree species, which has significant negative effects on aquatic

ecosystems (Reinhart andVandeVoort, 2006).Most riparian zones

of agricultural streams are often lined with non-native trees, such

as Eucalyptus, which have been linked to changes in organic matter

standing stocks,modified food webs and flow regimes, reduced leaf

processing by invertebrates and changes in the composition of

aquatic communities in streams (Cooper et al., 2013; Masese et al.,

2014a; Silva-Junior et al., 2014). Alteration of riparian vegetation

can also influence water quality and nutrient cycling in streams.

For instance, the clearance of riparian vegetation can increase

mean water temperature in streams and lead to the entry of

sediments and nutrients from agricultural lands through

runoff (Minaya et al., 2013; Fugère et al., 2018; Kroese et al., 2020).

The high concentrations of ammonia and phosphorous in

GRAS sites are likely linked to the high numbers of livestock and

large wildlife in these areas that deposit large amounts of organic

matter and nutrients in water through egestion and excretion

during watering or crossings (Kanga et al., 2011; Subalusky et al.,

2015; Iteba et al., 2021). That ammonia behaved differently from

the other N species suggests that other factors were involved in its

occurrence in the AGR sites. Previous studies in the river

reported low DO levels at sites inhabited by hippos, especially

during the dry season when an accumulation of organic matter in

pools can drive DO to hypoxic or anoxic levels, which leads to the

accumulation of ammonia from hippo excretion (Dutton et al.,

2018; Dutton et al., 2021). High amounts of ammonia in some of

the GRAS sites influenced by livestock are also linked to excretion

in water by the livestock during watering and crossings (Iteba

et al., 2021). Livestock access to stream can mobilize sediments

leading to increased levels of turbidity, and their excretion and

egestion in water can increase nutrients and organic matter.

Both AGR and GRAS sites recorded high levels of turbidity

and TSS. An increase in turbidity or TSS is one of the most

reported negative influences of livestock on water quality (Meehan

and Platts, 1978; Belsky et al., 1999; Kroese et al., 2020). The GRAS

sites are in savanna grasslands that host high populations of

livestock, which can mobilize soils and render them susceptible

to erosion. Previous studies on erosion have shown that grazing

lands generate the highest sediment yield (Dunne, 1979), and

increased erosion in the Talek catchment has previously been

attributed to cattle grazing (Glover and Wateridge, 1968).

Similarly, large numbers of wildlife, especially hippos that

spend 50% of their time in the river (Subalusky et al., 2015),

can mobilize sediments through bioturbation, impacting

downstream river reaches (Dutton et al., 2018; Iteba et al., 2021).

Compared to AGR sites GRAS sites had higher levels of

POM, DOC and carbon to nitrogen ratio (C: N) (Figure 5). An

increase in POM relative to TSS in GRAS sites is interesting. It

points to the input of large amounts of organic matter by

livestock and hippos, which can increase the levels of C in the

water column relative to other suspended materials. A

previous study has shown that CPOM in the Mara River is

mainly composed of hippo faeces (Subalusky et al., 2017).

Similarly, livestock and hippo subsidies in the form of dung

are very high in C relative to N and P (Subalusky et al., 2015;

Iteba et al., 2021; Masese et al., 2022). During decomposition,

hippo and cattle dung can be major sources of C in water

which would elevate the amount of DOC and C in water

relative to N and P (Masese et al., 2018; Subalusky et al., 2018).

In the Mara River, studies have shown that hippo egestion

accounts for 88% of total carbon (C) inputs from hippos

(Subalusky et al., 2018), and such levels of inputs can

explain the high C to N ratio at GRAS sites.

Despite the overwhelming influence of land use on water

quality in streams and rivers in our study area, there is

evidence that some of the dissolved constituents (especially

the major ions) are likely driven by climate and geology. While

the concentrations of biogenic solutes that are involved in

biological processes (e.g., nutrients and carbon) are largely

driven by land use (or land cover) and anthropogenic

activities (Worrall and Burt, 2007; Van Meter et al., 2018;

Kim et al., 2020), the concentrations of elements released from

rock weathering (e.g., the major ions in this study) are thought

to be driven by geology (Gaillardet et al., 1999; Ibarra et al.,
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2016). GRAS sites differ from the rest of the sites in terms of

climate (the area is largely semi-arid with seasonal flows) and

geology, and this can partly explain the elevated levels of

solutes in these sites. The humid uplands in the Nyangores

and Amala sub-catchments are underlain by quaternary

volcanic deposits and Cambisols, while tertiary deposits

and Vertisols dominate in the semi-arid lowlands

(Sombroek et al., 1982; Jackson and McCarter, 1994). In

addition to these differences, grassland streams are also

characterized by reduced canopy cover, which, together

with the semi-arid conditions and high evaporation rates,

can concentrate solutes leading to elevated levels of major ions

in streams, especially during the dry season.

The role of seasonality

Considering the wide variability in climatic conditions across

the MRB and similar Afromontane-savanna rivers, seasonality is

bound to play a major role in determining water quality and

availability, especially during the dry season. Apart from

differences in discharge levels that can influence solute

concentrations, seasonality also influences the interaction with

and use of streams and rivers by both people and their livestock.

It has been noted that during the dry season, the dependence on

streams and rivers as a source of water for domestic use and

livestock watering is very high (Yillia et al., 2008). This increased

traffic in rivers by people and livestock can have negative

consequences on water quality. Previous studies have shown

that seasonality can increase inter-site differences during the dry

season due to a predominance of reach-scale influences (e.g.,

daily animal and human disturbance (Mathooko, 2001; Yillia

et al., 2008; Minaya et al., 2013; Masese et al., 2014b). In contrast,

during the wet season, rainfall events can make conditions in

rivers uniform and increase longitudinal connectivity that

reduces inter-site differences (Leung et al., 2012).

TSS, POM and DOC are some physico-chemical variables that

showed strong responses to seasonality with higher concentrations

during the wet season. This is linked to runoff and erosional

processes that deliver large amounts of terrestrial organic matter

and sediments from terrestrial to aquatic ecosystems. During the

wet season, the strength of association between rivers and their

catchments is increased when hydrologic flowpaths are activated,

leading to increased delivery of solutes and organic matter,

including sediments and nutrients, into rivers (Elsenbeer, 2001;

Saunders et al., 2006). The amount of sediments and organic

matter increased significantly in AGR and GRAS sites. This can be

attributed to increased rates of sheet and gully erosion caused by

livestock, bioturbation by hippos and loading of organic by both

livestock and hippos (Glover & Wateridge, 1968; Dunne, 1979;

Dutton et al., 2018).

It is expected that major ions, especially the elements driven

by geology (Gaillardet et al., 1999; Ibarra et al., 2016), would show

a geologic signal and have high concentrations during the dry

season and low concentrations during the wet season because of

dilution by rainwater. Some ions, such as Cl−, SO2−
4 and Na+

displayed this response with higher concentrations during the

dry season while, surprisingly, DSi and other major ions did not

display significant differences between the dry and wet seasons

(Figures 3, 4). In most surface waters, Na+ usually originates from

weathering of silicate minerals (Meybeck, 1987), implying that

Na+ and DSi would be highly correlated. This shows a disconnect

in terms of the drivers of both Na+ and DSi. In the Mara River,

DSi cycling is strongly influenced by large wildlife through

grazing silica-rich savanna grasses and depositing them into

the river in the form of dung through defecation (Subalusky

et al., 2015; Schoelynck et al., 2018). Through leaching and

mineralization, the grass-rich dung becomes a major source of

silica, nutrients and dissolved organic carbon in the river

(Schoelynck et al., 2017; Masese et al., 2022). Indeed, grasses

generally accumulate more silica than forest or agricultural

vegetation (Schoelynck et al., 2014), and the rate of mineral

weathering in grassland vegetation is higher than in forest

ecosystems (Blecker et al., 2006). The daily defecation and

excretion of cattle and hippos on the entire gradient of the

Mara River (Iteba et al., 2021) is a continuous source of DSi

and other nutrients that would diminish any seasonal patterns

driven by geology, hence the limited seasonal responses in the

concentrations of these variables in the river.

The higher concentrations of Cl− and SO2−
4 and EC during the

dry season is an indication of increased salinity of groundwater in

the basin. An increase in groundwater salinity could be attributed to

a slight increase in ionic concentration because of evaporation of

water recharging the groundwater as well as the interaction of

groundwater with the rock forming the geology of the area. Most

of the major ions also recorded very high values in GRAS sites

during the dry and wet seasons. In the GRAS sites in the semi-arid

and seasonal tributaries of the Mara River, the flows are highly

variable and flashy, with frequent flooding (Dutton et al., 2018).

Reduced flows during the dry season can concentrate solutes and

cause concentrations to be very high, as reported in this study.

Influence of stream size and longitudinal
trends in water quality

The hypothesized influence of stream size or stream order on

physico-chemical variables in the Mara River was not met. Only

water temperature increased with an increase in stream size, as

predicted from the opening of the canopy cover as rivers widen

(Vannote et al., 1980) and the increase in ambient temperature

occurring with lower elevation. The diminished influence of stream

size on water quality was unexpected, but previous studies in this

river have shown that land use change and human activities can

alter biogeochemical processes in both low and high-order streams

(Minaya et al., 2013; Mwanake et al., 2019). Similarly, reach-scale
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influences, such as watering of livestock, laundry washing and water

abstractions by people and related disturbances abound along many

rivers in the region leading to localized effects that can have a strong

influence on water quality at the local scale (Mathooko, 2001; Yillia

et al., 2008; Masese et al., 2009; Kroese et al., 2020).

Many attributes are predicted to have a linear or nonlinear

response from low order to high order streams, e.g., water

temperature, suspended sediments and the different fractions

of organic matter (Vannote et al., 1980). However, in agreement

with the diminished role of stream size on water quality variables

in this study, several parameters did not respond to changes in

stream size (Figure 4). As expected, there was a strong increase in

water temperature, concomitant with a decrease in dissolved

oxygen concentrations along the river (Figure 7). The electrical

conductivity also increased downstream, probably linked to

increased evaporation and accumulation of solutes in the

semi-arid lower reaches of the river.

Expectedly, TSS and POM should increase with stream size

because of the cumulative effects as low-order streams join to

form large rivers. However, erosion from agricultural lands

drained by the small streams and high livestock and wildlife

(hippo) population in the lower reaches of the rivers can explain a

lack of longitudinal trends in these two parameters, especially for

TSS, as high levels were reported along the entire size gradient of

the rivers (Figure 7). Similarly, there were no longitudinal trends

in the concentrations of nutrients along the river. Similar levels

were in small streams in agricultural areas and large river sections

influenced by livestock and wildlife (hippos). Thus, the

longitudinal patterns in TSS and nutrients observed in this

study were confounded by changes in catchment land use and

by the activities of livestock and large wildlife (Mwanake et al.,

2019; Masese et al., 2022).

Among the water quality variables considered in this study,

major ions showed the greatest response to changes in stream

size. These patterns are typical of many other parameters that

respond to changes in stream order. In the Lake Victoria basin,

temperature, CPOM, FPOM and algal standing stocks (both

benthic and water column) change with stream size, although

expected patterns have been obscured by human activities that

have modified riparian vegetation and in-stream conditions in

rivers (Masese and McClain 2012).

Conclusion

The negative impacts of agriculture or land use in general on

water quality in streams and rivers are a key concern for the

catchment restoration and management of rivers in many regions

around the world. Studies have shown that the influence of

agriculture on water quality in streams does not only depend

on the proportion of agricultural land in the catchment area, but

also on the size and use of the riparian zone (Minaya et al., 2013;

Kadeka et al., 2021). Similarly, low concentrations of suspended

sediments and nutrients have been reported in agricultural streams

that have a well-protected riparian zone (Kroese et al., 2020). These

findings suggest that factors operating both at the catchment scale

(e.g., the proportion of agricultural or urban land use) and local

scale (e.g., the width and length of the riparian zone and its use) all

have a role to play in explaining the quality of water in rivers

(Schwarzenbach et al., 2010; Michalak, 2016). For water quality

improvement, management efforts should focus to improve the

conditions at both the catchment and local scales.

Our findings underline the role of land use, and most

importantly, agriculture and grasslands, as drivers of water

quality in Afrotropical rivers. Potential differences in

catchment characteristics and, in our case, aridity and use

(crop farming vs. grazing) need to be addressed in future

studies to better constrain the effect of different land use

practices and intensities on water quality in rivers. The results

of this study are useful for stream restoration and management

because they highlight the differences in water quality arising

from agriculture and grazing. Furthermore, the findings show

that responses in water quality to land uses might differ between

regions of the same catchment that differ in climatic conditions

(e.g., humid vs. semi-arid conditions). Thus, improved water

quality in Afromontane-savanna rivers can only be improved by

crafting management plans according to a region’s specific

climatic characteristics. In this regard, the potential role of

climate and climate change on water chemistry and water

quality in Afromontane-savanna needs to be explored,

especially the linkage between discharge and water quality

variables to better understand fluxes and other attributes of

solute concentrations and transport in these rivers.
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