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Expansion of agriculture is particularly worrying in tropical regions of the world, where
native forests have been replaced by croplands and grasslands, with severe
consequences for biodiversity conservation and ecosystem functioning. However,
limited data exist on the effects of agriculture on the functioning of tropical streams.
We conducted a leaf litter decomposition experiment in coarse- and fine-mesh litterbags
using the three species of leaves (Eucalyptus globulus [non-native], Vernonia myriantha,
and Syzygium cordatum [indigenous]) in three forested and agricultural streams to
determine the effect of agriculture on instream leaf litter decomposition in headwater
stream sites. We also examined the functional composition of macroinvertebrates in the
streams through the contents of benthic kick samples. Agricultural streams had a less
dense riparian canopy and smaller abundance of coarse organic particulate matter, and
higher electric conductivity and suspended solids than forested streams. In terms of the
effects of litter quality on decomposition rates, Vernonia had the fastest decomposition
rates while Eucalyptus had the slowest in both forested and agricultural sites. Shredder
invertebrates were less abundant in agricultural streams, and in both stream types, they
were less diverse and abundant than other functional groups. Overall, leaf litter
decomposition rates did not respond to agricultural land-use. The hypothesized
negative effects of agriculture on organic matter processing were minimal and likely
modulated by intact riparian zones along agricultural streams.

Keywords: agricultural effects, non-native species, land-use, litter decomposition, macroinvertebrates, water
quality

INTRODUCTION

Land-use change from native forestry to other uses is a major concern in many parts of the world
because of its negative influence on water quality and quantity, biodiversity, and the structure and
functioning of streams and rivers (Allan, 2004; Boyero et al., 2016; Masese et al., 2017; Jun et al,,
2019). Land-use change led to shifts in the functional and structural organization of aquatic
assemblages and an overall loss of ecological integrity of streams (Masese et al., 2009; Wantzen
and Mol, 2013; Hepp et al., 2016). For example, conversion of native forests to agriculture tends to
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degrade streams through nutrient enrichment, soil erosion and
sedimentation, increase in mean water temperature, and loading
of toxic substances such as pesticides and herbicides (Osano et al.,
2003; Matthaei et al., 2010; Jinggut et al., 2012).

Apart from agricultural land-use, plantation forestry is another
common practice along riparian zones of streams and rivers. This
has often introduced non-native trees with notable effects on aquatic
and terrestrial ecosystems (Reinhart and Vandevoort, 2006).
Monocultures of non-native tree species in riparian zones, such
as Eucalyptus, frequently correspond with changes in organic matter
standing stocks, modified food webs and flow regimes, reduced leaf
processing by shredders, and changes in the composition of aquatic
communities in streams (Cooper et al,, 2013; Silva-junior et al.,
2014). Changes in land-use and alteration of riparian vegetation can
have both distal and proximal controls on abiotic and biotic factors
that drive different pathways of litter decomposition in streams. For
instance, the efficiency of shredders to convert leaf organic matter to
secondary production greatly depends on the quality of the leaves
(Reinhart and Vandevoort, 2006; C et al., 2012). An increase in mean
water temperature as a result of clearance of riparian vegetation is
known to promote microbial decomposition over shredder-
mediated decomposition (Boyero et al., 2011; Fugere et al.,, 2020).
Similarly, nutrient enrichment and sediments from agricultural
lands can stimulate microbial decomposition (Ferreira et al.,
2006)Tank et al, 2010 and impair shredder assemblages and
their role in leaf litter decomposition (Danger et al, 2012;
Woodward et al., 2012; Mustonen et al., 2016), respectively.

Macroinvertebrates play a major role in ecosystem-level
processes and their functional composition in terms of functional
feeding groups are indicators of ecosystem attributes and the health
of streams and rivers (Boyero et al., 2015; Merritt et al., 2017; Sitati
et al, 2021). This approach has been extended to leaf litter
decomposition rates (Gessner and Chauvet, 2002; Young and
Matthaei, 2008). Several studies have investigated the influence of
agriculture on the composition of macroinvertebrates functional
feeding groups and leaf litter decomposition in tropical streams
(Jinggut et al., 2012; Boyero et al., 2015; Fugere et al., 2018; Cornejo
et al,, 2020). Compared to temperate streams, higher mean water
temperature and low diversity of shredders in tropical streams have
been suggested as the main reasons why litter decomposition may be
driven mainly by microorganisms (Irons et al., 1994; Boyero et al,,
2011; Tiegs et al, 2019). Although some studies have reported a
diverse shredders guild in tropical streams (Cheshire et al.,, 2005;
Yule et al., 2009; Masese et al., 2014a; Boyero et al., 2015), other
studies have also reported a depauperate diversity of shredders
(Dobson et al., 2002; Watnzen et al., 2008; Li et al., 2009). This
implies that a loss in shredder diversity, which is very sensitive to
poor water quality and habitat degradation (Yule et al., 2009; Masese
et al, 2014a; Masese et al, 2014b), would increase further
microbially-driven leaf litter decomposition rates in tropical
streams (Boyero et al., 2021).

Another important factor influencing the decomposition
rates of leaf litter is its quality (Webster and Benfield, 1986;
Martinez et al., 2013). The quality of leaf litter is defined by
toughness, the concentration of chemical constituents such as
lignins, tannins, alkaloids, nitrogen, and phosphorus (Gessner
and Chauvet, 2002; Li et al., 2009; MacKenzie et al., 2013).

Minimizing Agricultural Impacts on Streams

Litter quality in turn controls the activity and abundance of
microbial decomposers and shredders associated with the litter
and hence litter decomposition rate (Gessner and Chauvet,
2002; Hladyz et al., 2009). High-quality leaf litter that has low
concentrations of lignins, tannins, and alkaloids but with high
N and P concentration (low C: N and C: P stoichiometry)
generally show faster decomposition rates than more
recalcitrant litter (Gessner et al., 2010; Boyero et al., 2015,
2016). Studies have shown that there is a latitudinal gradient in
leaf litter quality whereby the quality of leaf litter in tropical
streams is poorer than in temperate streams because of the
high toughness and content of inhibitory compounds that
protect leaves against herbivory (Wantzen and Wagner,
2006; Boyero et al., 2017).

In this study, we investigated the effects of agricultural land-
use on shredder diversity and leaf litter decomposition in
Afrotropical headwater streams in western Kenya. We
quantified and compared water quality physico-chemistry,
habitat quality, and the proportion of different land-use types
between forested and agricultural streams. We then compared
decomposition rates of leaf litter in forested and agricultural
streams using fine-mesh and coarse-mesh litterbags, which
allowed the distinction between microbial and shredder-
mediated decomposition pathways. We further investigated the
use of decomposition rates as a measure of the ecological health of
the streams. We used litter of three riparian tree species (1 non-
native [Eucalyptus globulus] and 2 indigenous [Syzygium
cordatum, Vernonia myrianthal) to explore differences due to
leaf quality and replacement of riparian vegetation by non-native
species. Additionally, we examined shredder assemblages
through the contents of coarse-mesh litterbags and benthic
kick samples. We tested the following hypotheses: 1) there are
declined in water and habitat quality, and organic matter standing
stocks in agricultural streams, 2) shredder-mediated
decomposition rates are higher in forested streams because of
higher diversity and abundance of shredders, 3) microbial
decomposition of leaf litter is higher in agricultural streams
because of higher nutrient concentrations, and 4) leaf litter
quality influence decomposition rates with higher quality leaf
litter having higher shredder and microbial decomposition than
poor quality leaf litter.

MATERIALS AND METHODS
Study Area

This study was conducted in three agricultural (Kipsinende,
Mlango, and Seger) and three forested (Sabor, Kipkaren, and
Chepkoilel) stream sites in the headwaters of the Sosiani River in
western Kenya (Figure 1). The Sosiani River is a tributary of the
Nzoia River and originates from the western slopes of the Kerio
Escarpment. The climate of the area is mainly tropical humid,
with mean annual rainfall ranging from 900 to 2,200 mm and
mean monthly temperature ranging from 13°C to 25°C which
varies strongly with elevation and season. The annual rainfall
pattern is bimodal, with long rains from March to June and short
rains from August to October.
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FIGURE 1 | Map of Sosiani River Basin showing the position of forested (n = 3) and agricultural (n = 3) streams used for the study.

The upper Nzoia River Basin (NRB) has experienced rapid
population growth over the years, which has exerted pressure on
available land resources as the demand for food and fiber has
increased leading to deforestation, crop farming in the
catchments and along river banks, draining of wetlands for
horticulture and livestock grazing, harvesting of sand from
streams and rivers, and brick-making (Masese et al, 2009;
Wabusya et al., 2015). Among the multiple stressors afflicting
the Nzoia River basin, agriculture is of major concern due to
increasing human population growth and the resultant demand
for agricultural land for crops and livestock production (Masese
et al., 2009; Wabusya et al., 2015). The headwater of the Sosiani
River is dominated by native forest but land-use is steadily
changing from forest cover to mixed croplands (mainly maize,
wheat, and potatoes) and grazing areas for improved breeds of
cattle. However, as opposed to other areas in western Kenya,
agriculture is still mechanized and large-scale, and most streams
have a well-protected riparian zone.

Analysis of Catchment Land-Use

Land-use classification and catchment maps were generated using
QGIS 3.14. The semi-automatic classification plugin was used to
download sentinel-2 images on April 10, 2020 for the six catchments
of the streams used in this study according to Congedo (2020a, b).
The images were downloaded in April 2021. The satellite images

were pre-processed and processed for four categories of
predominating land-use in the study area (forest, grassland,
cropland, and shrubland). For all sampling sites, catchments were
delineated as the entire landscape contributing surface water to the
site. The area of each land use category in the catchments of each
sampling site was calculated.

The six catchments of streams used in this study were
categorized as either agricultural (n = 3) or forested (n = 3)
depending on the proportion of land-use under the respective
uses (Figure 2). Forest sites and agricultural sites were defined as
those that drained catchments with the percentage of land use
>50% for forest and agriculture, respectively. Agricultural land
included cropland and grassland cover because the latter
(grasslands) represent grazing areas for livestock which are
part of agricultural activities in the area. Similarly, forested
land included forests (both natural and plantation) and
shrubland cover. Shrublands are part of native vegetation in
the area that are remnants of natural forests that have been
cleared in patches and some are regenerative.

Physical and Chemical Variables

At each site, water depth, velocity, stream width, percent canopy
cover, and discharge were determined within a 100 m long stream
reach. A mechanical flow meter (General Oceanics; 2030 Flow-
meter, Miami, Florida) was used to measure water velocity.
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FIGURE 2 | Land-use classified maps of the six catchments of the streams in the upper reaches of the Sosiani River used for this study: Upper panel = Agricultural
streams (n = 3), and lower panel = forested (n = 3). Sampling sites for each stream catchment are located at the most downstream tip of each map (indicated in red).

Stream width was measured at transects spaced at 10 m intervals
along a 100-m stream reach while water depth was measured on
each transect at least at 5 points across the river using a 1-m ruler.
The velocity-area method was used to measure stream discharge
for each study reach (Wetzel and Likens, 2000). Percentage
coverage of the streambed with coarse particulate organic
matter (CPOM; mainly leaf litter, sticks, seeds, flowers, and
fruits) was estimated at each study reach in triplicates using a
quadrat (0.5*0.5 m?). Percent canopy cover in each study reach
was also estimated visually (Masese et al., 2014a).

We characterized the instream and riparian habitat conditions
by scoring the variables for each study reach using the qualitative
habitat evaluation index by Rankin (1995) modified for the Lake
Victoria Basin (Masese et al., 2009; Raburu and Masese, 2012).
The index is based on six variables, namely; substrate
composition, instream cover, channel morphology, riparian
zone, and bank erosion, pool/glide and riffle/run quality, and
riffle/run depth. The qualitative habitat scoring was done thrice;
during deployment of the litter bags and during each of the two
retrieval periods (day 14 and day 28). Visual characterization of
substrate composition was employed as the proportion of various
types of streambed substrate (boulder, cobble, pebbles, hardpan,
muck, gravel, sand, mud and detritus) (Barbour, 1999). Riparian
width (m) and percent canopy cover were determined for each
stream (100 m reach). Because the guidelines for maintenance of
riparian zones along Kenyan streams and rivers specify a
minimum of 30 m, we treated this (30 m) as the maximum
size for all streams for standardization.

Measurements of pH, temperature, dissolved oxygen (DO),
electrical conductivity (EC) and salinity were done in situ using a
YSI multi-probe water quality meter (556 MPS, Yellow Springs
Instruments, Ohio, United States). Water samples were collected

from the thalweg and immediately filtered on-site for total
suspended solids (TSS) and particulate organic matter (POM)
using pre-combusted and pre-weighed Whatman GF/F filters
(0.7 um pore size, 47 mm diameter). Filters with amended
sediments were wrapped in aluminum envelopes and
preserved in a cooler at 4°C and transported to the laboratory
for analysis. Unfiltered water samples were also collected using
acid-washed HDPE bottles and preserved in a cooler for nutrient
analysis.

In the laboratory, water samples were analyzed for soluble
reactive phosphorus (SRP), nitrate (NO;), nitrite (NO,), and
ammonium (NH,) following standard methods for concentration
(APHA, 2005). Filters for TSS were dried at 105°C for 48 h and
reweighed using an analytical balance (Citizen, Model CY220,
0.001g). The concentration of TSS was determined
gravimetrically (APHA, 2005). TSS filters were then ashed at
450°C for 5h and re-weighed for determination of POM as the
difference between TSS and ash-free-dry mass (APHA, 2005).
CPOM samples were dried to a constant weight at 60°C for 48 h
where various fractions of leaves, flowers, sticks and seeds were
weighed independently using an analytical balance (0.001 g).

Leaf Litter Breakdown Experiment

To determine decomposition rates of the three species of leaves,
an experiment was conducted during the dry months of
February—March 2020. Three common riparian tree species
(Supplementary Plate S1) were: an indigenous tough species,
Syzygium cordatum Hochst ex. Krauss (Family Mpyrtaceae)
[hereafter Syzygium]; a soft indigenous species, Vernonia
myriantha Hook. f (Family Asteraceae) [henceforth Vernonial,
and a tough non-native species Eucalyptus globulus Labill (Family
Mpyrtaceae) [henceforth Eucalyptus]. Vernonia exhibits very soft
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leaves, and thus, represented the highest quality of the three
leaves. In comparison, Syzygium has tough and smooth leaves
whose breakdown rate was assumed to be comparable to that of
the non-native Eucalyptus within the same family (Mathooko
et al.,, 2001; Masese et al., 2014b).

Recently abscised leaves were air-dried for 2 weeks under a
shade at room temperature until a constant mass was attained.
Then, 4 g of each species were weighed and put into fine-mesh
(0.5 mm mesh size) and coarse-mesh (10 mm mesh size)
litterbags. Fine-mesh litterbags were used to exclude
macroinvertebrate access and allow only microbial
decomposition, whereas coarse-mesh litterbags were used to
allow both macroinvertebrate and microbial-mediated
processing of leaf litter. A total of 228 litterbags were used in
the experiment from which 216 litterbags were divided into 3
replicates per litterbag type (fine-vs coarse-mesh) per plant
species (Eucalyptus, Syzygium, and Vernonia) in each site (3
forested and 3 agriculture), for two retrieval dates (Day 14 and
Day 28). The extra 12 litterbags were used to determine the initial
ash-free-dry mass (AFDM) conversion factor for each leaf species
(4 replicates each). Before deployment, the litterbags were tied
along nylon lines to avoid any overlaps and for easy retrieval.
Litterbags were secured on metal stakes hammered into the
streambed in pools and riffles. The riffles and pools in each
study site were selected more than 20 m apart to avoid sharing of
resources. Riffles were shallower than pools, but selected pools
were less than 0.5m deep. While pools were dominated by
detritus and soft sediments (gravel, sand, and mud), riffles
were dominated by stable substrate (boulders, cobbles and
pebbles) and embedded detritus.

During retrieval, litterbags were carefully enclosed in a
300 mm mesh net and placed in zip-lock plastic bags to avoid
loss of invertebrates and leaf fragments. Litterbag samples were
placed in zip-lock bags and preserved using 5% formalin until
further processing. In the laboratory, the litterbags were
thoroughly washed with tap water and sieved (250 um mesh
size) to separate macroinvertebrates from leaf fragments. Leaf
fragments were rinsed and oven-dried at 105°C for 48 h to obtain
dry mass remaining, then ashed at 550°C for 4 h and reweighed to
calculate Ash-Free Dry Mass (AFDM). One set of litterbags was
lost at Seger, Kipkaren and Kipsinende streams due to human
tampering and sedimentation. This reduced the number of
analyzed replicates in these streams to five per leaf species per
mesh size, but we considered this a minor infraction that would
not affect the results.

Macroinvertebrates in Kick Samples and
Litterbags

Macroinvertebrate kick sampling was conducted using a semi-
quantitative kick-net sampling method (Dickens and 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 (Masese et al, 2021; Sitati et al, 2021). The
sampling process involved disturbing/kicking the bottom

Minimizing Agricultural Impacts on Streams

upstream of the net (500-um mesh size), so that dislodged
invertebrates are washed into the net by water currents. The
attached macroinvertebrates were sampled by jabbing the
sampling net repeatedly against marginal vegetation. Kicking
was carried out on an area of approximately 1m* for a
standard 1 min per biotope on two sampling occasions; day 1
of litterbag deployment and day 28 of final litterbags retrieval.
Large substrate types such as boulders and cobbles were disturbed
by hand and washed into the net.

Sampled macroinvertebrates were preserved separately per
biotope using 75% ethyl ethanol in zip-lock bags for further
processing in the laboratory. After sorting, macroinvertebrates
from coarse-mesh litterbags and kick samples were preserved in
vials in 75% ethyl ethanol until identification and enumeration.
Identifications were done to the lowest taxon level possible, mainly
genus, using several keys in guides (Day and de Moor, 2002a, b; de
Moor et al., 2003a, b; Merritt et al., 2008). Macroinvertebrates were
classified into four major functional feeding groups (FGGs; scrapers,
shredders, collectors and predators) according to Merritt et al. (2008)
and Masese et al. (2014a).

Data Analysis

We used a two-sample ¢-test to compare water quality variables,
nutrients, organic matter and stream size variables between
forested and agricultural sites. The structural and functional
composition of macroinvertebrate assemblages in kick samples
and coarse-mesh litterbags were described in terms of abundance
and taxon richness. Two-sample t-tests were also used to test for
differences in taxon richness (number of taxa) and abundance of
all taxa, shredders and non-shredders in kick-samples and coarse-
mesh litterbags between the two land-uses. Testing for significant
differences in multivariate water and habitat quality and organic
matter characteristics was done using permutational analysis of
variance (PERMANOVA, 999 iterations) in the R package vegan
(Oksanen et al., 2020).

Statistical differences in macroinvertebrate assemblage structure
between land use types (forested vs agricultural sites) in litterbags
and kick samples were tested with a one-way analysis of similarity
(ANOSIM). Non-metric multidimensional scaling (nMDS) was
used to display macroinvertebrate assemblages between forested
and agricultural sites utilizing Bray-Curtis dissimilarities
calculated from Ln-log transformed abundances. In each case, we
overlay the taxa onto the nMDS plot to indicate associations of each
taxon or FFG to each other and sampling sites.

Leaf decomposition rates were estimated using an exponential
decay model (Boulton and Boon, 1991; Benfield, 1996):
Wt =Woe ™, where Wt = the remaining AFDM at time t,
which is the deployment period in days (28 days), W, = initial
AFDM, and —k = decay rate. Breakdown rates for coarse-mesh
litterbags (kc) and fine-mesh litterbags (kf) were calculated
separately. The coefficients ke/kf were then calculated for each
site  to determine the effect of excluding potential
macroinvertebrate shredders from fine-mesh litterbags on
breakdown rates (Gessner and Chauvet, 2002; Masese et al.,
2014b). Correspondingly, ki/kr coefficients were calculated for
fine and coarse-mesh litterbags to determine land-use effects on
microbial vs shredder-mediated breakdown rates (Gessner and
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TABLE 1| Mean (+SD) physico-chemical water quality and stream size variables, organic matter and nutrients concentrations and habitat quality scores for agricultural and

forested sites in the headwaters of the Sosiani River, western Kenya.

Physico-chemical variables Agriculture
Stream size
Depth (m) 0.3 + 0.03
Width (m) 6.3 +0.8
Velocity (m/s) 0.6 + 0.1
Discharge (m3/s) 21+04
Organic matter fractions
%CPOM 31.1+4.0
Sticks/wood (9/m2) 6.5+34
Leaves (g/m2) 32.1+153
Fruits and flowers (g/m2) 1.4 +09
Seeds (g/m2) 0.3 + 0.03
Standing stock (g/m2) 40.0 + 18.9
Water quality variables
POM (mg/L) 216 +20
TSS (mg/L) 381 +1.1
Temperature (°C) 16.8 + 0.6
DO (mg/L) 5.0+ 0.3
pH 71 +0.1
EC (uS/cm) 56.9 + 9.2
Salinity (ppt) 0.02 + 0.01
Nutrients
NHz (mg/L) 0.9 + 0.02
SRP (mg/L) 0.2 + 0.05
NO, (mg/L) 0.3 + 0.01
NO;z (mg/L) 1.8+09
Substrate Composition
% Boulders 20+ 1.1
% Cobbles 25+ 8.2
% Pebbles 10+ 2.1
% GSM 45 +12.3
Habitat Quality Score
Substrate type 11.0+ 3.0
Instream cover 12.0 + 3.6
Channel morphology 73+1.2
Riparian zone and bank erosion 16 +£1.0
Pool/Glide and riffle/run quality 93+15
Total habitat quality score 55.7+7.0
Width of the riparian zone (m) 202 +14
% Canopy cover 48 + 15.4

*Values in bold are significant at p < 0.05.

Chauvet, 2002). In this case ki = k in impacted (agriculture) sites
and kr = k in forested (reference) sites.

Differences in decomposition rates (—k) were tested using
three-way ANOVA whereby leaf species (Vernonia, Syzygium,
and Eucalyptus), land-use (forested and agricultural), and mesh
size (coarse- and fine-mesh), including interactions, were treated
as the main factors and leaf litter decomposition rates (—k) as the
response variable. Where there was no significant interaction
between land-use and both leaf species and mesh sizes, two-way
ANOVA was re-run separately for each land-use with leaf species
and mesh size including interactions, as the main factors affecting
decomposition rates.

We further analyzed how overall leaf litter decomposition,
diversity (number) of shredder taxa and abundance of shredder
individuals responded to agricultural land-use using generalized
additive models (GAMs) (Wood, 2017). GAMs included land-
use, the width of the riparian zone, habitat quality and percent

Forest t-value p-value
0.4 + 0.1 4.303 0.687
55+14 12.706 0.529
0.6 + 0.05 3.182 0.990
22+04 4.303 0.808
54 +4.9 3.182 0.014
16.8 + 8.4 3.182 0.018
24.7 + 4.2 4.303 0.856
41+20 3.182 0.311
0.2 + 0.02 12.706 0.451

458 + 14.6 4.303 0.396
148 +1.0 3.182 0.053
28.5 + 0.1 4.303 0.014
163+ 1.0 3.182 0.073
6.2+ 17 4.303 0.435
7.1 +0.01 4.303 0.818
29.7+13 4.303 0.043

0.01 + 0.01 4.303 0.220
0.9 + 0.02 4.303 0.317
0.1 £ 0.01 3.182 0.383
0.3 + 0.07 12.706 0.873
1.1 +£03 3.861 0.693
40 + 6.4 4.207 0.071
45 + 9.6 8.606 0.143

10+21 12.007 0.916

5+1.0 3.012 0.007
167+ 2.1 2.776 0.091
143 +4.7 1.682 0.251
83+ 06 1.304 0.312
16.7 + 2.9 1.038 0.742
10.7 + 0.6 2.776 0.293
65.7 + 5.7 1.902 0.127
23.7 + 4.6 2.04 0.112
68 + 27.1 3.182 0.062

canopy cover as fixed effects, and individual stream sites as a
random effect. GAMs were fitted using the R-package mgcv
(Wood and Wood, 2015) in the R platform (Team, R. C, 2017).

Statistical analyses were performed with PAST (version 3.21)
software (Hammer et al. 2001) and R version 4.0.2. (Team, R. C,
2017). Figures were created in SigmaPlot (Version 12), MS Office
Excel (2016).

RESULTS
Catchment Land-Use and Habitat Quality

Agricultural streams had the combined proportion of land-use
under cropland and grassland that ranged from 52 to 73% while
forested streams had the combined proportion of land-use under
forests and shrubland that ranged from 66 to 82% (Figure 2).
There were no significant differences in habitat quality variables
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FIGURE 3 | Non-metric multidimensional scaling (NMDS) ordination of
macroinvertebrate functional feeding groups (FFGs) in coarse-mesh litterbags
(upper panel) and kick samples (lower panel). The same names of
overlapping sites and FFGs have been deleted for clarity. FOR, forested
sites; AGR, agricultural sites; COL, collectors; PRE, predators; SCR, scrapers;
SHR, shredders.

between forested and agricultural streams, except for the
composition of the soft substrate (fine gravel, sand, and mud)
whose percentage coverage of streambed was higher in
agricultural streams (Table 1). The three agricultural streams
in the study area had well-maintained riparian zones
(Supplementary Plate S2). There were no obvious human
activities in the vicinity of the study sites, except road
crossings and livestock watering points at one of the
agricultural sites, but study sites were selected upstream of
these influences.

Physico-chemical Water Quality

Parameters

There were significant differences (p = 0.014) in the percentage of
CPOM coverage of the streambed (%CPOM) between forested
and agricultural sites, with forested sites recording higher values
(Table 1). Although insignificantly different between the two
land-uses, mean CPOM standing stocks were higher in forested
sites and different fractions of organic matter (e.g., sticks) had
higher standing stocks in forested sites. Significant differences
were also recorded in TSS (p = 0.014), EC (p = 0.043) and %GSM
(p = 0.007) between forested and agricultural sites, with
agricultural sites recording higher values (Table 1).
Multivariate water quality (PERMANOVA, F = 84, df = 3,

Minimizing Agricultural Impacts on Streams

p = 0.107), habitat quality and organic matter
(PERMANOVA, F = 1.7, df = 1, p = 0.209) did not differ
between forested and agricultural sites.

Macroinvertebrate Assemblages

Non-metric multidimensional scaling (NMDS) ordination of
macroinvertebrate composition indicated that most forested and
agricultural sites were more clearly separated in litterbag samples
than in kick samples (Figure 3). These differences were further
confirmed by ANOSIM which indicated that there were no
significant differences in macroinvertebrate assemblage in kick
samples between forested and agricultural sites (R-statistic = 0.11,
p = 0391). However, there were significant differences in
macroinvertebrate composition in coarse-mesh litterbags between
forested and agricultural sites (R-statistic = 0.21, p = 0.028).

In kick samples, a total of 17,114 macroinvertebrate
individuals were collected from the six sites, of which 7,999
were from agricultural sites while 9,115 were from forested
sites. The macroinvertebrate samples comprised of 14 orders,
51 families, and 75 genera (Supplementary Table S2). About 119
taxa were identified of which seven (Neoperla sp., Rheoptilum sp.,
Orthotrichia sp., Crambidae sp., Sciomyzidae, Chrysomelidae, and
Oligoneuriopsis sp.) were restricted to forested sites, while six
(Mesovelia, Musca, Ranatra, Gerris, Planorbi,zs, and Aranaea sp.)
were restricted to agricultural sites. The macroinvertebrates
comprised of 30 predators, 19 collectors, 17 shredders, and 9
scrapers. Three of the shredder taxa (Crambidae, Chrysomelidae
and Potamonautes sp.) occurred only in forested sites. Collectors
(forested = 47.5% and agricultural = 45.3%) were the most
abundant while shredders (forested = 7.3% and agricultural =
7.5%) were the least abundant. Predators were more abundant in
agricultural (21%) than in forested (4.64%) sites, while scrapers
were more abundant in forested (42%) than in agricultural (24%)
sites. Even though insignificant, the number of taxa and non-
shredder taxa were higher in agricultural sites (Figure 4).
Shredder abundance and taxon richness were significantly
higher in forested sites than in agricultural sites (Figure 4).

A total of 1884 macroinvertebrate individuals were collected
from coarse-mesh litterbags, of which 14.6% were classified as
shredders (Supplementary Table S1). Both taxon richness and
abundance of shredders were higher in forested sites compared to
agricultural sites (Figure 4) with Potamonaute sp. and Acanthiops
sp. dominating in both land-use types, while Lepidostoma sp.
dominated in forested sites. Vernonia recorded the highest
number of macroinvertebrate individuals (1,306), followed by
Syzygium 1,138) and lastly Eucalyptus (903).

Leaf Litter Decomposition

After 28 days of deployment, there were minor differences in
instream decomposition rates between forested and agricultural
streams for all three species of leaves (Vernonia, Syzygium, and
Eucalyptus) (Figure 5; Table 2). This implies that land-use
change from forestry to agriculture have a minor influence on
the role of shredders in the decomposition of leaf litter in the
studied streams which depended on the leaf species; only
Eucalyptus had a higher decomposition rate mediated by
shredders (coarse-mesh litterbags) in forested than
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agricultural streams. However, there was a strong response in
microbial decomposition with Vernonia and Syzygium
recording lower decomposition rates in agricultural streams.
Overall, the decomposition rate (—k/day) was highest in
Vernonia in both forested and agricultural streams, followed
by Eucalyptus and Syzygium (Figure 5). Interestingly, overall
decomposition rates in Eucalyptus and Syzygium showed similar
trends, indicating that shredders did not discriminate against
the non-native Eucalyptus leaves.

GAMs did not identify significant influences of land-use, the
width of the riparian zone and habitat quality on mean

decomposition rates, the number of shredder taxa, and the
abundance of shredder individuals (Table 3). Percent canopy
cover influence the number of shredder taxa, but not leaf litter
decomposition or abundance of shredders. Overall, the role of
agriculture on proximate drivers of leaf litter decomposition in
streams (nutrients concentrations, shredder diversity, and
abundance) seemed to be minimal.

The role of shredder in decomposition rates depended on leaf
species (litter quality). For all leaf species, decomposition rates
were slightly higher in coarse- (shredder + microbial
decomposition) than in fine-mesh (microbial decomposition
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streams after 28 days of deployment. Different letters on bars represent post
hoc mean differences (two-sample t-tests) in decomposition rates

among treatments.

only) litterbags (kc/kf > 1) (Table 4). Decomposition rates in
coarse-mesh litterbags were similar for Vernonia in both forested
and agricultural streams and were either highest or second
highest. In forested streams, the mean kc/kf coefficient was
highest for Vernonia (kc/kf = 1.38) (Table 4). However, in
agricultural streams, kc/kf coefficients were highest for
Syzygium (kc/kf = 1.84). Eucalyptus had the lowest
decomposition rates attributable to shedders (lowest kc/kf
values) in the agricultural streams while Syzygium had the
lowest in forested streams.

The effect of agriculture (ki/kr) on decomposition rates was
less than that of shredders (kc/kf) (Table 4). Overall
decomposition rates were higher in forested (reference)
streams (ki/kr < 1) than in agricultural streams for all leaf
species and litterbag types (Table 4). In comparison with
other studies in Kenya and other tropical, Mediterranean and
temperate streams, kc/kf coefficients were much higher in the
Mediterranean and most temperate streams irrespective of land-
use (reference and impacted) (Table 4). For ki/kr, most values in
the Mediterranean and temperate streams were within the range
of tropical values in both coarse- and fine-mesh litterbags,
although values were much higher (>2) in coarse-mesh
litterbags for two species of leaves in Portugal (Table 4).

DISCUSSION

Land-use, particularly the proportion of agricultural land, has recently
increased in many parts of the world, with increasing effects on the
structure and functioning of riverine ecosystems. Here, we
investigated the effects of agricultural land-use on water and
habitat quality, the composition of macroinvertebrates, with a
focus on shredders, and leaf litter decomposition rates of three
species of leaves (two indigenous and one exotic) in headwater
streams in western Kenya. There were minimal effects of

Minimizing Agricultural Impacts on Streams

TABLE 2 | Results of three-way ANOVA exploring variation in leaf litter
decomposition rates (—k) between land use types (forest and agriculture), leaf
species (Vernonia, Syzygium, and Eucalyptus), and treatment by mesh size
(coarse and fine mesh) after 28 days of deployment. Degrees of freedom (df),
sums of squares (SS), F - statistic and p -values are shown.

Statistics of three-way ANOVA

Sources of variation df SS F p -value
Landuse (LU) 1 0.00002 0.07 0.7960

Leaf species (LS) 2 0.03010 63.87 <0.001

Treatment by mesh size (Tr) 1 0.00232 9.83 0.0023

LU x LS 2 0.00014 0.30 0.7447

LU x Tr 1 0.00025 1.06 0.3062

LS x Tr 2 0.00279 5.91 0.0039

LU x LS x Tr 2 0.00094 1.99 0.1428

Error 85 0.05720

Significant values at p < 0.05 level in bold.

agriculture on water and habitat quality in streams. Overall
decomposition rates by shredders and microbes (coarse- and fine-
mesh litterbags, respectively), did not change with land-use as much
as it differed among leaf species, implying that decomposition rates
were driven by leaf quality and not differences in the diversity and
abundance of shredders between forested and agricultural streams.
Thus, the hypothesized increased role of shredders in forested
streams and microbes in agricultural streams on leaf litter
decomposition was not supported in this study.

Lack of land-use effects on decomposition rates in this study is
intriguing and contrary to similar studies on the effects of
agriculture on organic matter processing in tropical (Jinggut
et al, 2012; Masese et al., 2014b; Silva-junior et al, 2014;
Fugere et al, 2020) and temperate (Woodward et al., 2012;
Ferreira et al., 2015) streams. Although our agricultural sites
had significantly elevated levels of total suspended solids and
electrical conductivity, which are indicators of anthropogenic
activities on water quality (Minaya et al., 2013; Ontumbi et al,,
2015; Masese et al., 2017; Kroese et al., 2020), these were deemed
within tolerable limits of most sensitive taxa, including shredders,
in these sites. Riparian zones in agricultural streams were well
maintained, and this increased the quality of instream habitats,
canopy cover and standing stocks of organic matter (Table 1) that
are depended upon by shredders. Indeed, multivariate water and
habitat quality and organic matter standing stocks did not differ
between forested and agricultural sites and all major shredder
taxa such as Potamonutes sp., Acanthiops sp., and Lepidostoma
sp. were widely distributed in all land-uses.

The hypothesized increased role of nutrients in leaf litter
decomposition in agricultural streams was not recorded in this
study. Nutrient concentrations, which have been reported in some
studies to increase organic matter processing rates in streams
(Woodward et al., 2012; Ferreira et al., 2015; Rosemond et al.,
2015), did not differ between forested and agricultural sites in this
study (Table 1). However, nutrient concentrations in this study
were higher than values that have been shown to stimulate leaf
litter decomposition in streams. For instance, Woodward et al.
(2012) showed that p values around 30 pg/L and N values around
500 pg/L stimulated the decomposition rates of both oak (Quercus
robur) and black alder (Alnus glutinosa) leaves. Most of the
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TABLE 3 | Summary of generalized additive mixed models (GAM) of the effects of land-use (forest vs agriculture), riparian width, and percent canopy cover over the streams
on mean decomposition rates (k) of the three species of leaves, number of shredder taxa, and abundance of shredder individuals in the study sites. In all cases, d.f. = 1.
*p < 0.05, *p < 0.01.

Source contributions Mean Number shredder taxa Number shredder individuals
decomposition rate (k)

Land us vs riparian width

Land-use F, p-value 0.01, 0.918 1.39, 0.258 0.34, 0.567
Riparian width F, p-value 0.74, 0.404 0.11, 0.743 0.08, 0.857
Land-use x Riparian width F, p-value 0.16, 0.693 0.78, 0.392 0.72, 0.409
Adj. R2 -0.14 -0.04 -0.13
Scale est <0.001 0.050 50.61
Residual deviance 0.005 14.00 996.5
Land-use vs habitat quality
Land-use F, p-value 0.01, 0.918 2.23,0.158 0.45, 0.515
Habitat quality F, p-value 0.09, 0.771 8.75, 0.010* 5.09, 0.041
Land-use x habitat quality F, p-value 0.001, 0.977 1.16, 0.299 0.01, 0.911
Adj. R2 -0.21 0.35 0.13
Scale est <0.001 0.48 42.77
Residual deviance 0.006 8.72 769.8
Land-use vs Canopy cover
Land-use F, p-value 0.01, 0.918 2.19, 0.161 0.34, 0.567
Canopy cover F, p-value 0.54, 0.475 0.16, 0.699 3.62, 0.062
Land-use x Canopy cover F, p-value 0.03, 0.861 9.32, 0.009** 0.001, 0.972
Adj. R2 -0.17 0.34 0.401
Scale est <0.001 0.49 0.0005
Residual deviance 0.006 8.88 0.903

TABLE 4 | Means of kc/kf coefficients in leaf litter decomposition rates between coarse-mesh (kc) and fine-mesh (kf) litterbags and ki/kr coefficients of decomposition rates in
impacted (ki) and reference (kr) streams in coarse- and fine-mesh litterbags across different streams with varying days of deployment. The coefficients show the
contribution of shredders (coarse-mesh) relative to microbes (fine-mesh) in leaf litter decomposition rates.

Country Climate Leaf species Deployment period ke/kf ki/kr References
(days) Forested Agricultural Coarse mesh Fine mesh
Kenya Tropical Vernonia myriantha 28 1.38 1.28 0.89 0.76 Present study
Kenya Tropical Syzygium cordatum 28 11 1.84 0.97 0.56 Present study
Kenya Tropical Eucalyptus globulus 28 1.36 1.1 0.63 0.75 Present study
Kenya Tropical Neoboutonia macrocalyx® 56 1.65 1.30 0.84 1.26 Masese et al. (2014b)
Kenya Tropical Eucalyptus globulus 56 1.48 1.16 1.39 1.38 Masese et al. (2014b)
Kenya Tropical Syzygium cordatum 56 1.52 1.64 0.99 1.92 Masese et al. (2014b)
Kenya Tropical Eucalyptus saligna 48 — — 1.14 Tsisiche et al. (2019)
Kenya Tropical Neoboutonia macrocalyx 48 — — 1.55 Tsisiche et al. (2019)
Uganda Tropical Neoboutonia macrocalyx 28 3.82 0.98 0.14 0.53 Fugere et al. (2018)
Borneo Tropical Indegenious leaves 35 1.98 0.78 0.30 0.80 Jinggut et al., 2012
Spain Mediterranean  Alnus glutinosa 31 5.7 1.7 0.29 0.98 Ferreira et al. (2012)
Spain Mediterranean  Quercus 104 4.6 3.5 0.78 1.05 Ferreira et al. (2012)
France Temperate Alnus glutinosa 28 8.2 2.8 — — Lecerf et al. (2006)
Portugal ~ Temperate Alnus glutinosa 26 2.3 1.5 0.54 0.81 Ferreira et al. (2012)
Portugal ~ Temperate Quercus 57 1.5 1.2 0.72 0.90 Ferreira et al. (2012)
Portugal ~ Temperate Alnus glutinosa 26 2.54 3.59 2.01 1.27 Gulis et al. (2006)
Portugal ~ Temperate Quercus 57 1.92 3.72 2.76 1.56 Gulis et al. (2006)

“Neoboutonia macrocalyx is the same species misidentified as Croton macrostachyus in the Masese et al., 2014b study.

studies that have reported stimulation of leaf litter  enrichment (Chadwick and Huryn, 2003; Albelho and
decomposition by nutrient concentrations have been in  Graga, 2006; Baldy et al., 2007). In our study, nutrient
cases where concentrations of dissolved inorganic N and/or  concentrations were high in both forested and agricultural
P have been increased above background levels (Rosemond  streams implying that other factors beyond nutrient
etal., 2002; Gulis and Superkropp, 2003; Richarson et al., 2004;  concentrations potentially influenced the decomposition rates.
Rosemond et al, 2015). In contrast, when nutrient A lack of a strong influence of catchment-scale agricultural
concentrations are not limited, studies have reported that  land use on nutrient concentration and organic matter processing
decomposition rates are not stimulated by nutrient  in this study raises the question of the scale at which ecosystem
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processes in Afrotropical upland-montane streams and most
responsive. Considering that agricultural land use in the three
catchments ranged from 52 to 73%, it is likely that the proportion
of agricultural land use was not high enough to have a significant
effect on the streams that would make them differ significantly
from forested streams, especially considering that riparian zones
in these agricultural streams were fairly maintained. The study
area falls within the former white highlands where farm sizes are
much larger and the use of fertilizers and pesticides is higher
compared to smallholder farming areas in Kenya (Osano et al,
2003; Jindo et al., 2020). This partly explains the higher levels of
nutrient concentrations in agricultural streams in this study that
are higher than values found in streams draining smallholder
farmlands (e.g., Masese et al., 2014b, 2017; Jacobs et al., 2017), but
are in the range of values recorded in streams draining
catchments dominated by commercial tea plantations
(Maghanga et al., 2012; Jacobs et al., 2017). Many studies have
addressed the issue of whether land use near streams and rivers is
a better predictor of water quality, biotic diversity and ecosystem
processes than land use over the entire catchment. (Hunsaker and
Levine, 1995; Johnson et al., 1997; Sliva and Williams, 2001).
While results have largely been incongruent, there is increasing
evidence that reach-scale or riparian zone land use plays an
equally important role as catchment scale land use in
determining water quality and ecosystem properties. For
instance, several studies have found that land cover of the
riparian zone is better correlated to total suspended solids
(turbidity) and nutrient concentrations in rivers compared to
the land cover of the whole catchment (Johnson et al., 1997;
Chang, 2008; Uriarte et al., 2011). Similarly, studies have shown
that the composition of macroinvertebrate communities is better
predicted by factors operating at the reach scale (Minaya et al.,
2013; Villeneuve et al., 2018). These findings are significant for
stream management and biodiversity conservation as they
reinforce the important role of maintaining intact riparian
zones and habitat quality in modulating the negative effects of
agriculture on water quality, biodiversity, and ecosystem
functioning in streams (Hughes and Vadas, 2021).

Contrary to a lack of significant agriculture effects on leaf
litter decomposition in our study, there were significant mesh-
size and leaf species interactions, implying that the role of
shredder- and microbial-mediated breakdown of leaf litter
depended on leaf quality/species. Vernonia, which was
considered to be of the highest quality and palatability
among the three species of leaves, recorded the highest
decomposition rate across agricultural and forested sites in
both coarse- and fine-mesh litterbags. Syzygium and the non-
native Eucalyptus are tougher; both belong to the family
Myrtaceae, and have been reported to have higher levels of
tannins and secondary compounds, which reduce palatability
for shredders (Gongalves et al., 2006; Reis et al., 2018). In a
similar study, decomposition rates in Syzygium cordatum and
Eucalyptus globulus leaves were much lower than in
Neoboutonia macrocalyx, an indigenous soft-leafed riparian
species, in which shredder-mediated breakdown was also
higher (Masese, et al., 2014b). In yet another study, the
decomposition rate in Neubotonia macrocalyx was 59% faster

Minimizing Agricultural Impacts on Streams

than in Eucalyptus saligna leaves in forested sites and more than
twice as fast (111%) in agricultural sites (Tsisiche et al., 2019).

The relative roles of shredders and microbes in leaf litter
decomposition depended on leaf species (litter quality), more
than land-use. There were minor relationships between
microbially driven leaf litter decomposition rates and litter
quality, with reduced microbially driven decomposition rates in
Syzygium in agricultural streams and Eucalyptus in forested streams.
Leaf litter decomposition rates were similar for Eucalyptus and
Syzygium (Figure 5), implying that shredders did not
discriminate against the non-native Eucalyptus leaves. However,
the lower decomposition rates in Eucalyptus and Syzygium
compared to Vernonia can be attributed to the slow conditioning
of the tough leaves before they became palatable for shredders
(Wantzen et al., 2008; Gessner et al., 2010). The kc/kf coefficients
indicated that shredders played an important role in all the leaf
species, but their relative roles decreased with leaf quality (Table 4).

The ke/kf coefficients we report in this study are within the range
of values reported in tropical streams, but much lower than values
reported in the Mediterranean and temperate streams (Table 3). In
temperate streams, shredders play a major role in leaf litter
decomposition because of their higher abundance and diversity
(Dobson et al., 2002; Gongalves et al., 2006; Gessner et al., 2010;
Medina-villar et al., 2015). However, a scarcity of macroinvertebrate
shredders has been reported in some tropical studies (Camacho et al,
2009; Yule et al,, 2009; Blanco and Gutiérrez-isaza, 2014), although in
others a diverse shredder assemblage has been reported (e.g.,
Cheshire et al., 2005; Masese et al., 2014a; Sitati et al,, 2021). The
low number and abundance of shredders found in this study (only
7% of macroinvertebrates in coarse-mesh litterbags) demonstrate the
potentially dominant role of microbial breakdown of leaf litter in
tropical streams (Mathuriau and Chauvet, 2002; Wantzen et al., 2008;
Boyero et al., 2015).

Despite the minimal negative effects of agriculture on organic
matter processing we report in this study, there is growing evidence
of the negative effects of changing land-use from forest to agriculture
in other Afrotropical studies (Masese et al., 2014a; Masese et al.,
2014b; Fugere et al,, 2018). In this study, the differences in leaf litter
decomposition rates did not differ between land-uses, and most of
the ki/kr values were slightly below 1 (range 0.56-0.97), which
implies that agricultural land-use has not severely compromised
organic matter processing in the study area. As per the criteria for
assessing ecosystem functional integrity by Gessner and Chauvet
(2002), breakdown coefficients (ki/kr) within the limits of 0.75-1.33
around the mean of a local reference system reveal no clear evidence
of an impact on ecosystem functioning. Agricultural land-use often
increases rates of microbial decomposition of leaf litter in streams
because of increased water temperature and nutrient concentrations
(Young and Matthaei, 2008; Tank et al, 2010). Although our
agricultural sites had higher water temperatures than forested
sites, the level of nutrient concentrations did not differ from
levels in forested streams, which is contrary to what is often
recorded (Allan, 2004; Woodward et al., 2012). Interestingly, the
potential stimulating effects of breakdown rates by warmer
temperature and high nutrient concentrations (Graga et al,, 2015)
were not recorded in this study. Warmer tropical biomes have been
noted to display remarkable heterogeneity in organic matter
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processing rates than colder high-latitude biomes (Tiegs et al., 2019;
Boyero et al., 2021). However, studies that study the combined role
of shredders, litter quality, and environmental factors, such as
nutrient concentrations, are limited, making it difficult to
disentangle the relative importance of these factors.

Management Implications of This Study
Land-use plays a major role in determining stream ecosystem
characteristics and function (Fisher et al, 2000; Fugere et al,
2020). Although agriculture was hypothesized to influence
organic matter processing through the loss of macroinvertebrate
shredders and increased microbial processing through increased
nutrient availability and mean water temperature (e.g., Silva-junior
et al., 2014; Fugere et al., 2020), the findings of this study are to the
contrary. Land-use effects were a minor incursion to differences in
decomposition rates, which were more dependent on litter quality
(leaf species) and inclusion of macroinvertebrate shredders in the
decomposition process. Although there are minor differences in the
species diversity and composition of riparian vegetation between
forested and agricultural streams in the study area, riparian
vegetation along forested and agricultural streams are mainly
indigenous, but agricultural streams have higher densities of
Syzygium spp., while forested streams have a more diverse and
species richness of vegetation.

Understanding how stream ecosystems respond to land-use
changes is critical for stream management and conservation.
Forest cover in the Afrotropical catchments has been declining
over the years with potential effects for stream ecosystems (Fugere
et al,, 2016, 2018). Studies have reported negative effects of land-use
changes from forestry to agriculture and urbanization in tropical
streams, ranging from declines in water quality and quantity, loss of
biodiversity, mainly the sensitive shredder taxa, and changes in
ecosystem structure and functioning (Masese et al, 2014a, b;
Fugere et al., 2016, 2018; Masese et al,, 2017; Yegon et al., 2021).
However, the findings of this study show that agriculture does not
necessarily have negative effects on streams if riparian zones and
habitat quality are well protected. Given observed minimal changes in
stream water physico-chemistry, habitat quality, diversity, and
distribution of macroinvertebrates, and organic matter processing
between forested and agricultural streams, conservation and
management efforts need to clearly understand how land-use is
impacting tropical stream ecosystems so that management
measures can be put in place. Many countries in the region,
including Kenya (Government of Kenya, 2012; Matunda et al,
2015), have regulations in place for the protection of the riparian
zone along streams and rivers. These regulations should be enforced
as there are demonstrated benefits arising from the maintenance of
riparian zones ads evidenced in this and similar studies (e.g,, (Masese
et al,, 2012; Njue et al,, 2016).

CONCLUSION

This study reports the interactions between environmental variables,
leaf quality and the role of shredders vs microbiota in the processing
of organic matter in streams. The hypothesized effects of land-use on
leaf litter decomposition, potentially mediated by warmer water
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temperature, elevated nutrient concentration and limited shredders
in agricultural streams, were not supported in this study. Instead,
there were limited differences in water and habitat quality, nutrient
concentrations, and organic matter standing stocks between forested
and agricultural sites which favored the widespread distribution of
shredders in agricultural sites although in low abundances. Responses
in the role of both shredders and microbes in the decomposition of
leaf litter to land-use were minimal, and the potential negative effects
of agriculture that have been reported elsewhere seemed muted and
were potentially modulated by the maintenance of intact riparian
zones and habitat quality in agricultural streams. Although the
replicate number of sites (three) we used in this study for
agricultural and forested streams was low, the effects of agriculture
on macroinvertebrates and litter decomposition were markedly low
compared to similar studies in the region. Future studies are needed
to evaluate aspects of the riparian zones, such as riparian width and
length, that are playing a role in minimizing the negative effects of
agriculture on streams and rivers.
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