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Abstract
The use of both fertilizers and pesticides in the Lake Naivasha Catchment, is associated with agricultural intensi�cation and has resulted in enrichment of
aquatic ecosystems with nutrients, coupled with exposure of aquatic biota to pesticide residues affecting aquatic ecosystem structure and function. This
study explored the changes in land use and related it with the concentrations of nutrients and selected pesticides, to show the potential of combined (nutrients
and pesticides) risks associated with agricultural intensi�cation in Lake Naivasha catchment, a tropical catchment in Kenya. The results indicate that between
1989 and 2019 there was an increase of cropland by 623 km2, a reduction of forest cover by 200 km2, increase of grasslands by 534 km2, a reduction in bare
soils by 100 km2, and an increase of 540 km2 of built area. The land cover changes were correlated with increased concentrations of nutrients and pesticides
in surface waters across sampling sites monitored in 2015. The results further indicated that while the concentrations of nitrogen and phosphorus indicated a
potential stoichiometric nitrogen limitation, increase in forest cover resulted in decreased nutrient concentrations in the river water. Concentrations of DDT and
technical HCH active ingredients indicated signi�cant relationships between land use changes and intensi�cation. Areas with extensive farming systems were
associated with higher concentrations of TP and ∑DDT compared with areas of high intensi�cation, which may re�ect high connectivity between intensive
agricultural systems and river ecosystems. When combined nutrients and pesticides were considered, most of the lower reaches of the rivers draining to L.
Naivasha were of poor water quality status as de�ned by Kenyan water quality regulations. The changes in land cover and agricultural intensi�cation in the
Naivasha catchment needs management and policy frameworks that manage the combined contamination from nutrients and pesticide residues. Enhanced
investment in institutional and policy reforms, and an integrated review of water quality standards and monitoring indicators that combine biological, physical,
and chemical monitoring, is necessary for future management of the catchment.

1 Introduction
Agricultural intensi�cation focuses on increasing and optimising food production [1]. Sustainable agricultural intensi�cation has been characterised as a
strategy that simultaneously feeds humanity while using ecosystems sustainably [2]. In these systems, intensi�cation is associated with e�cient production
while maintaining an appropriate balance with non-agricultural land [3]. Increased agricultural e�ciency requires application of nutrients and pesticides to
crops [1], [4]. For example, it has been estimated that intensi�cation of 8–12% of croplands, will result in an 8–25% global increase in inorganic phosphorus
fertilizer consumption [4].

Rapid population growth in sub-Saharan Africa (SSA) has prompted increased investment in agricultural intensi�cation to meet local food and economic need
(Nijbroek and Andelman, 2016). The efforts for intensi�ed agricultural systems in SSA are hindered by low soil nutrient content and its rapid depletion [6], [7],
as well as the prevalence of pests and diseases that reduce yields [8]. This has led to the increased application of fertilizers and pesticides (Holden, 2018;
Sheahan and Barrett, 2017; Sileshi et al., 2019), and therefore the associated risks of run-off into aquatic ecosystems [12]. The excessive application of
nitrogen and phosphorus-based fertilizers have negative impacts on aquatic life and disrupt ecosystem function [13], [14]. Pesticide residues affect the
physiology and ecology of aquatic biota including poisoning the organisms, resulting in a loss of local biodiversity [15], [16]. Pesticides and nutrients
potentially modify both the presence and distribution of aquatic life and ecological processes. Guiding agricultural sustainability, policy and monitoring on the
use of pesticides and fertilizers needs an understanding of the risks associated with combined nutrients enrichment and pesticides exposure. This paper
seeks to answer two main questions: (i) How are nutrients enrichment and pesticide contamination linked to land use in a catchment subject to agricultural
intensi�cation in sub-Saharan Africa?; and, (ii) what are the risks to ecosystems posed by the contamination in an agricultural catchment?

This study focussed on the Lake Naivasha catchment in Kenya, to illustrate the relevance of assessing combined nutrients and pesticides risk to surface
water quality and management in the region. Lake Naivasha catchment is well known for �oriculture [17]. Despite efforts to ensure the catchment remains the
centre for sustainable utilization of water resources, both surface and ground water in the L. Naivasha basin have been subject to heavy exploitation [18], [19].
However, no studies have explored the combined distribution and risks associated with nutrients and pesticides in the surface waters of the catchment, and
how it relates to land use changes. This paper assesses the spatial distribution and associated risks of combined nutrients and pesticides in the L. Naivasha
catchment through determining land use and land cover changes.

2 Materials And Methods

2.1 Lake Naivasha Catchment
Lake Naivasha catchment has an area of 3400 km2, traversing the Nakuru and Nyandarua counties in the central Rift Valley region in Kenya [20]. Lake
Naivasha is a designated Ramsar site and the second largest freshwater lake in Kenya. It has an approximate area of 100 km2, and is fed by three main rivers,
the Malewa, Gilgil and Karati [21], [22]. The climate is semi-arid, characterized by mean monthly temperatures of 15.9 to 17.8 0C [23] and a bimodal rainfall
pattern with long rains typically from April to May/June and short rains from October to November [17]. Increased agricultural production in the catchment is
associated with intensi�cation and land use changes in the area [1]. In these systems, agricultural intensi�cation is associated with land use changes in the
area [20]. It is, however, unclear how the intensity of different agricultural activities ranging from horticultural production in the 50 km2 area around the lake
[22], to small holder farming in the upper catchment for maize, beans and vegetables [24] contribute to surface water quality over the entire catchment.

2.2 Sites selection
Thirteen sampling stations were selected along the rivers Malewa, Gilgil and Karati, and in L. Naivasha (Fig. 1). Wanjohi (M1) and upper Malewa (M2) sites are
in the upper reaches of the Malewa River catchment, while Malewa Bush Ventures (M4) occur in the mid reaches, and Malewa Highway (M5) is in the lower.
The Turasha site (M3) is a tributary to the Malewa River running from the north-east before entering the Turasha dam. Kahuho site (G1) is in the upper part of
the Gilgil River catchment, while Little Gilgil site (G2) is a tributary to the main channel. The Gilgil Highway site (G3) is situated in the lower part of the
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catchment below the Gilgil dam. The only site along the Karati river– the Karati Highway Bridge site (K1), is in the lower reaches of the river. The L. Naivasha
sites comprise the River Mouth site (N1) where the Gilgil and the Malewa rivers enter the lake, the Mid-lake site (N2) intended to capture the conditions of the
lake as a whole, the Hippo point site (N3), where there was minimal visible impact along the south-western lake shore area, and the Crescent site (N4) on the
north-east of the lake, close to the farms on the shores of the lake (Fig. 1).

2.3 Sampling
Sampling was done monthly between April and August 2015. In the �eld, triplicate integrated water samples from each site were collected. At the lake sites
(N1, N2, N3 and N4), water samples were taken at different depths (upper 5–30 cm, mid 3–4 m, and bottom 5–7 m depths) and integrated into one
consolidated sample. For the river sites, (G1, G2, G3, M1, M2, M3, M4, M5 and K1), the three integrated samples were taken at 5 cm below the water surface at
different points (comprising ri�e, run, pool) within a 100 m sampling site reach. Acid-washed 500 ml polythene bottles were used to collect water samples for
nutrient analysis. Water samples for the pesticide analysis were collected in 2.5 L dry amber glass bottles, pre-washed with distilled water followed by ethanol
rinsing. The water samples were transported in a cool box equipped with icepacks to the Egerton University Aquatic Sciences laboratory for nutrients analysis;
and to the University of Nairobi Pesticide Research Laboratory for pesticides residues analysis. Sampling was organized to ensure time-replicates with �ve
sampling trips, as well as geographical triplicate samples for the thirteen sites.

2.4 Laboratory analysis
In the laboratory, 300 ml of the un�ltered nutrient samples were used to determine total nitrogen (TN) and total phosphorus (TP). TN was determined using the
micro Kjeldahl method and TP determined through persulphate digestion followed by ascorbic acid method [25]. The nutrient analysis was done at the
Egerton University Aquatic Sciences laboratory. The pesticide residues in the water samples were extracted using Liquid-Liquid extraction method following
the UNEP-POP protocol [26], and quanti�ed at the University of Nairobi Pesticide Research Laboratory. To control the quality of the analysis, recovery rates for
each pesticide residue were determined from spiked samples, and triplicate samples per site were extracted and analysed. Spiking was done by adding the
respective standard of the pesticide residue under investigation. The spiked samples were treated using the same procedure as the �eld samples. Additionally,
distilled water was used as blanks and incorporated with external standards to determine the detection limit of the pesticides investigated. The study focused
on residue concentrations of HCH group (α-HCH, β-HCH, γ-HCH, δ-HCH), cyclodiene group (Heptachlor, Heptachlor Epoxide, α-endosulfan, β-endosulfan,
endosulfan sulphate, endrin, endrin aldehyde, aldrin, dieldrin, and methoxychlor), and DDT group (pp-DDE, pp-DDD, pp-DDT). The percent recoveries ranged
from 70 % to 5 % whie limit of detection ranged from 0.0011 to 0.0036 µg/L (more details in Supplementary Table 1).

2.5 Concentration and distribution of nutrients and pesticides
The distribution of the nutrient and pesticide concentration data was tested using a Shapiro-Wilk test and checked visually using Q-Q plots. As the data were
not normally distributed they were log-transformed. A Multivariate Analysis of Variance (MANOVA) was used to test differences in concentrations among
sampling sites. Linear regression was used to test for the relationship between nutrient and pesticide concentrations across sampling sites. Concentrations
among sites were compared using the Kruskal Wallis Test.

2.6 Inference of nutrients and pesticides concentrations
The consequences of nutrient and pesticide concentrations to the aquatic ecosystem were assessed using ecologically signi�cant concentration ratios
comprising TN:TP; DDD/DDE, (DDE + DDD):DDT and DDT:DDE; and α:γ-HCH. The stoichiometric TN/TP ratio is an indicator of potential N or P limitation for
phytoplankton primary production, with a molar ratio above 16 indicating potential P limitation [27]. The ratio of DDD/DDE is an indicator of the conditions for
DDT biodegradation with a ratio > 1 indicating anaerobic DDT biodegradation, whereas a ratio < 1 indicates an aerobic DDT degradation [28]. The (DDE + 
DDD)/DDT ratio is an index for source of DDT, with a ratio > 0.5 associated with long term weathering of DDT from soils [29]. High ratios of DDT:DDE indicate
more recent exposure than lower ratios [30], [31]. The α:γ-HCH ratio is an indicator of whether technical HCH (low insecticidal properties) or lindane (high
insecticidal properties) is being used with values more than one indicating technical HCH, and values below one indicating lindane is being used [32].

2.7 De�ning land use categories
Satellite images from Landsat 4 (1989), Landsat 7 (1999), Landsat 5 (2009) and Landsat 6 (2019) were used to estimate and classify land use land cover
(LULC) classi�cation. The satellite data was acquired from USGS: Earth Explorer for path169, row 60; path 168, row 61; path 169, row 60 and path 169 row 61.
Catchment delineation was done using ArcGIS Version 10.3. Sub-catchment delineation was performed using predetermined pour-points for sampling. LULC
classi�cation was performed using ENVI Version 5.1. Unsupervised classi�cation was �rst performed using IsoData and K-Means algorithms with a set of 10
classes. The classes were then used to de�ne regions of interest (ROIs) for supervised maximum likelihood classi�cation. The classes selected were
generated from unsupervised classi�cation and from previous studies conducted in the area [33]. Training samples were then selected, and the LULC classes
were divided into six types: open water, broadleaf evergreen forest, croplands, built-up, grasslands and bare soils/rocks. Change detection analysis was then
carried out for the catchment and sub-catchments in ENVI 5.1 for three periods, 1989–1999, 1999–2009 and 2009–2019. These were used to demonstrate the
probability of increased agricultural intensi�cation in the catchment.

2.8 Geospatial assessment for agricultural expansion
The study de�ned agricultural expansion as a change on land use/cover classes associated with a reduction in forest cover [34], and increased cropland and
grassland [35], [36]. An increase in the number of land use classes would suggest increased heterogeneity, while reduction in the land use classes indicate
land use homogeneity. On the other hand, intensi�cation was de�ned by a reduced forest area, increased cropland area, reduction in grassland area, and
increase in bare soils/rocks. Intensi�cation was apparent when the �ve indicators were true for the catchment, while it indicated semi-intensi�cation when
three to four of the indicators were true; semi extensive when two indicators were true; and extensive when only one of the indicators was true. Eq. 1 describes
the agricultural expansion (AE) probability.
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AE = Heterogeneity + Forestcover + Cropland + Grassland + Baresoil Eq. 1

Where AE is cumulative score (5 = full intensi�cation; 3–4 = semi-intensi�cation; 2 = semi-extensive; 1 = extensive); Heterogeneity is 1(otherwise 0) if the
number of land use classes have increased; Forest cover is 1 (otherwise 0) if there is a reduction in proportion of broadleaf evergreen forest; Cropland is 1
(otherwise 0) if the there is an increase in the proportion of cropland; Grassland is 1 (otherwise 0) if there is an increase in proportion of grassland; and Bare
soil is 1 (otherwise 0) if there is a reduction in proportion of bare soil.

2.9 Relationship between land uses, nutrients and pesticide concentrations
Using mixed model analysis, the study assessed the relationship between land cover categories and the concentration of total phosphorus, total nitrogen,
∑DDT, ∑HCH, and ∑cyclodienes. The lme4 function [37] was used to perform a linear mixed effect analysis of the relationship between various land use
categories and concentrations of the nutrients and pesticides. Linear mixed models with random slopes and intercepts were reduced to the minimum
adequate models using the step (model x, direction = “both”) function to remove autocorrelations. The reduced models and the complete models were
compared using the anova function in R [38] for the concentrations to determine sensitivity. The random intercept model had lower Akaike’s Information
Criterion (AIC) compared with the random slopes and was adopted for relating the �xed and random effects.

The relationship between the concentrations of pesticides and nutrients, and the level of agricultural intensi�cation was determined using multinomial logistic
regression. The multinomial logistic regression was suitable considering that the outcome variable (level of intensi�cation determined by Eq. 1) was nominal,
as such, the relative risk ratio of the outcome was modeled as a linear combination of predictor variables (concentration of nutrients and pesticides).

2.10 Risks associated with the combined concentrations
The contamination risk was determined as the ratio between the measured in situ concentrations and published water quality standards for the preservation
of aquatic life (Eq. 2). The water quality standard used for the calculation of the risk were as documented by the United States Environmental Protection
Agency [39] reported to be the minimum effect concentrations, and the Kenya Water Regulations [40] maximum allowed e�uent discharge for protection of
aquatic life (more detail in Supplementary Table 3).

Riski =
Ci
Si

 Eq. 2

Where Risk i is probability of effect (Risk) for each of the contaminants (i); Ci is the in-situ concentration of contaminant i; and Si is the water quality standard
for the protection of aquatic life.

The water quality risk map was constructed using the product of risk ratios determined for each contaminant (Eq. 3). A product less than 1 would indicate
lower combined risk, while a product greater than 1 indicates higher negative risk potential (Table 1).

Riskcalculation = Log10(DDTr × HCHr × Cyclor × nitrogenr × phosphorusr × TSSr) Eq. 3

Where Risk calculation is classi�ed as in table, DDTr is the site risk ratio for DDT; HCHr is the site risk ratio for HCH; Cyclor is the site risk ratio for cyclodienes,
nitrogenr is the site risk ratio for nitrogen; phosphorusr is the site risk ratio for phosphorus; and TSSr is the site risk ratio for total suspended solids.

Table 1
Classi�cation of water quality risk map1

Risk calculation
range

Risk description Risk classi�cation

Less than or equal
to 0

The ratios indicate the water quality status is within the standards for protection of water quality Low ecological risk

Between 0 and 1 The contamination is between one and ten times higher than the standards for protection of water
quality

Medium ecological risk

Between 1 and 2 The contamination is between ten and 100 times higher than the standards for protection of water
quality

Medium ecological risk

Between 2 and 3 The contamination is between 100 and 1,000 times higher than the standards for protection of water
quality

Medium-High ecological
risk

Between 3 and 4 The contamination is between 1,000 and 10,000 times higher than the standards for protection of
water quality

High ecological risk

Between 4 and 5 The contamination is between 10,000 and 100,000 times higher than the standards for protection of
water quality

High - Very high ecological
risk

Above 5 The contamination is above 100,000 higher than the standards for protection of water quality Very high ecological risk

Source: Authors of the paper

1These risk classi�cation is qualitative, and only indicative of the environmental quality, based on instantenious results of the study.

3 Results
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3.1 Agricultural expansion in Lake Naivasha catchment
Between 1989 and 2019, there was an increase of cropland by 623 km2, a reduction of forest cover by 200 km2, increase of grasslands by 534 km2, a
reduction in bare soils by 100 km2, and an increase of 540 km2 of built area, and a general increase of number of land uses (more detail in Supplementary
Table 4). Figure 2 shows the decadal landuse changes from 1989 to 2019.

The MANOVA results show a signi�cant difference in the land use/cover over time as a factor of the land use classi�cations (Pillai’s Trace = 1.39, F (5,40) = 
4.28, p < 0.05). Moreover, univariate analyses suggest signi�cant differences in land use/cover among the different sub-catchments, especially between those
of the rivers Gilgil and Malewa (F (8,199) = 35.52, p < 0.05), and among the different land use classes, especially between bare soils/rocks and the other land
uses/cover classes (F (5,199) = 19.36, p < 0.05). There is a probability of intensi�ed expansion in the L. Naivasha catchment, ranging from potential full
intensi�cation at G1, to extensive agriculture in G3 in 2015 relative to 1989 (more detail in Supplementary Table 5). The results of the study indicate that lower
river reaches tend towards extensive agricultural production systems, while upper and middle reaches are tending towards intensi�cation.

3.2 Distribution of nutrients and pesticides in aquatic ecosystems
Increasing concentrations of nutrients from upstream to downstream in the rivers of the L. Naivasha catchment (Table 2), re�ect cumulated loadings. The
highest total phosphorus (TP) concentration (1.6 ± 0.2 mg.L− 1) was recorded within the Karati River (K1 - Karati highway) and the lowest (42 ± 3 µg.L− 1) within
L. Naivasha (N3 – Hippo Point). The highest TP concentrations were recorded in the sequence R. Karati > R. Malewa > R. Gilgil > L. Naivasha, with signi�cant
differences among sites (Kruskal-Wallis chi-squared test = 85.30, df = 12, p < 0.05), and notably between the rivers and lake sites, and between K1 and the
upper reaches of the R. Gilgil (G1 – Kahuho, G2 – Little Gilgil) and R. Malewa (M1 and M2 – upper Malewa. The highest recorded total nitrogen (TN)
concentration was found at K1 (2.6 ± 0.6 mg.L− 1), while the lowest (0.5 ± 0.1 mg.L− 1) at M2. The highest TN concentrations were recorded in the sequence R.
Karati > R. Gilgil > R. Malewa > L. Naivasha, with signi�cant differences among the sites (Kruskal-Wallis chi-square test = 26.64, df = 12, p < 0.05), notably
between the river and the lake sites.

Table 2
Concentration (mean ± SE) of nutrients and pesticides recorded in L.ake Naivasha catchment

within the study sites (n = 16 samples per site).
Sub-catchment Site Nutrient Concentrations Pesticide residues concentrations

TN TP ∑DDT ∑HCH ∑Cyclodienes

(µg.L− 1) (µg.L− 1) (ng.L− 1) (ng.L− 1) (ng.L− 1)

River Karati K1 2554 ± 574 1551 ± 179 94 ± 16 135 ± 57 1487 ± 173

River Gilgil G1 1296 ± 332 140 ± 29 278 ± 73 33 ± 4 1699 ± 489

G2 835 ± 193 127 ± 19 175 ± 40 187 ± 81 1383 ± 276

G3 1389 ± 339 244 ± 56 338 ± 73 82 ± 17 256 ± 3

River Malewa M1 1035 ± 122 138 ± 27 269 ± 44 141 ± 64 989 ± 207

M2 521 ± 97 326 ± 98 157 ± 34 98 ± 21 738 ± 123

M3 1664 ± 510 594 ± 181 163 ± 39 51 ± 8 618 ± 115

M4 872 ± 167 409 ± 110 168 ± 20 99 ± 22 392 ± 78

M5 1464 ± 380 502 ± 154 264 ± 82 91 ± 20 1588 ± 404

Lake Naivasha N1 695 ± 158 164 ± 47 294 ± 71 260 ± 102 1762 ± 278

N2 497 ± 138 51 ± 5 210 ± 65 159 ± 64 1209 ± 66

N3 597 ± 163 42 ± 3 377 ± 140 238 ± 89 3481 ± 440

N4 563 ± 153 47 ± 3 352 ± 125 186 ± 68 1916 ± 354

 
The concentrations for pesticides recorded comprised the ∑DDT group (p,p-DDT, p,p-DDE and p,p-DDD), ∑HCH group (alpha, beta, delta and gamma), and
∑cyclodienes group (aldrin and derivative dieldrin; heptachlor and derivative heptachlor epoxide; endrin and its derivative endrin aldehyde; endosulfan group
comprising alpha, beta and endosulfan sulphate; and methoxychlor), summarised in Table 2. The highest concentration of ∑DDT was recorded in the
sequence L. Naivasha > R. Gilgil > R. Malewa > R Karati. The concentrations ∑HCH ranged between 33 ± 4 ng.L− 1 (at G1) and 260 ± 102 ng.L− 1 (at N1), with
the highest concentrations of ∑HCH was recorded in the sequence L. Naivasha > R. Karati > R. Gilgil > R. Malewa. The lowest concentration of ∑HCH was
recoded from G1 (Kahuho). The ∑cyclodienes ranged between 256 ± 3 ng.L− 1 at G3 (R. Gilgil Highway Bridge) and 3.5 ± 0.4 µg.L− 1 at N3 (Hippo point). The
highest concentrations of ∑cyclodienes were recorded in the sequence L. Naivasha > R. Gilgil > R. Malewa > R. Karati. However, there was no signi�cant
difference among the sites for the pesticide groups.

The study found out that the concentrations of nutrients (total phosphorus and nitrogen) were not signi�cant predictors of the concentrations of pesticides
(∑DDT, ∑HCH and ∑cyclodienes) in the L. Naivasha catchment (Table 3).
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Table 3
Linear regression results between the concentration of nutrients and pesticides in the Lake Naivasha catchment.

Pesticide residues Total Nitrogen Total Phosphorus

Coe�cient1 Statistics Coe�cient Statistics

∑DDT -0.04 ± 0.02* F(1,89) = 4.28, p < 0.05, R2 = 4% -0.07 ± 0.04 F(1,86) = 2.13, p = 0.15, R2 = 1%

∑HCH 0.02 ± 0.01 F(1,121) = 3.50, p = 0.06, R2 = 2% -0.04 ± 0.04 F(1,118) = 1.27, p = 0.26, R2 = 0%

∑Cyclodienes -0.08 ± 0.19 F(1,46) = 0.17, p = 0.68, R2 = 0% -0.44 ± 0.34 F(1,45) = 1.74, p = 0.19, R2 = 1%

1 – coe�cient ± Standard Error

 

3.3 Potential implication of nutrient and pesticide concentrations to aquatic ecology in
Lake Naivasha Catchment
The TN/TP ratio �ndings in this study, associated the upper reaches of Gilgil River (at G1 and G2) and the Hippo point (N3) sites, with extensive crop cover
from small scale farming (Table 4). In addition, the TN/TP ratios indicated potential phosphorus limitation in the three sites, and application of nitrogen-based
crop fertilizers.

Table 4
Inference ratios for pesticides and nutrients in Lake Naivasha catchment.

Site DDD:DDE (DDE + DDD):DDT* DDT:DDE** TN:TP α:γ-HCH

K1 0.58 0.1 11.07 2 0.8c

G1 1.75b 0.1 19.51 21a 0.76c

G2 1.88b 0.2 15.72 17a 0.49c

G3 0.87 0.5 4.02 11 0.71c

M1 2.49 0.3 12.45 11 1.43d

M2 0.55 0.2 6.9 5 1.02d

M3 0.95 0.2 8.03 7 0.77c

M4 1.27b 0.2 13.95 12 1.15d

M5 1.91b 0.3 8.86 6 0.28c

N1 0.94 0.3 6.42 6 0.24c

N2 0.78 0.2 8.58 11 0.18c

N3 0.63 0.2 6.82 18a 0.32c

N4 2.27 0.5 7.17 11 0.17c

a – areas of extensive crop cover, and application of nitrogen-based fertilizers

b – areas of anaerobic DDT degradation

c – use of lindane with higher insecticidal effect

d – use of technical HCH with lower insecticidal effects

* – values indicate source of DDT is not from long term weathering

** – values indicate recent DDT applications

 

The DDD:DDE ratio was highest in the upper reaches of Gilgil River (1.75–1.88) and the lower reaches of the Malewa River (1.27–1.91). In the L. Naivasha
sites, the DDD:DDE ratio was the lowest (ratio range). This suggests that DDT degradation was anaerobic in the rivers (sediments in the pools) and aerobic
(pelagic) in the lake. The ratio of (DDE + DDD):DDT recorded ranged between 0.1 and 0.5, an indication that the DDT is not from long term weathering of soils
into the water ecosystem. Further, the DDT:DDE ratio recorded at all the sites were above 0.33, indicating recent use of pesticides with DDT as active
ingredients. The α:γ-HCH ratios were more than one in the upper and mid reaches of the Malewa River, an indication of the use technical HCH with lower
insecticidal potential, while in the Gilgil River and the Lake sites showed ratios of below one, indicating use of lindane, with higher insecticidal effects. The L.
Naivasha sites showed the lowest α:γ-HCH ratios suggesting higher use of lindane in the area.
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3.4 Agricultural intensi�cation in relation to nutrient and pesticide contamination
In the study, the potential effect of land use/cover changes indicate various scenarios. For example, increasing forest cover, could potentially reduce
contamination from nutrients (TP and TN), while increasing pesticide residues (∑DDT, ∑HCH and ∑cyclodienes) within the surface water of the L. Naivasha
catchment (Table 5). The relationship between agricultural expansion and concentration of nutrients and pesticides indicated differing in�uences of land use
and intensi�cation on pesticide and nutrient concentrations (more detail in Supplementary Table 6). On one hand, the �ndings indicate that a relatively natural
ecosystem would have lower concentrations of TP, and ∑DDT, and a higher concentration of TN compared with an extensive system. On the other hand, full
intensi�ed systems also show lower concentrations of TP, and ∑DDT, compared with extensive systems. This suggests that counter intuitively, extensive
systems are contributing more to the concentration of nutrients and pesticides in aquatic systems than the intensive landuse.

3.5 Nutrient and pesticide risks to aquatic ecosystem
For all except the Karati Highway site (K1), the concentrations of ∑DDT and ∑cyclodienes found in the surface waters of the L. Naivasha catchment exceed
100 times (more detail in Supplementary Table 2) the water quality standards recommended by US EPA [39]. The total nitrogen concentrations were modest
across all sites according to the USEPA, and lower than the water quality standards provided for Kenya – except for K1. However, total phosphorus
concentrations ranged from high to extremely high for river waters, and below requisite concentrations for protection of aquatic life (with reference to both the
USEPA and Kenya Water Quality Standards). While the risk of pesticides (∑DDT and ∑cyclodienes) to aquatic life was lower in K1, the site had high
concentrations of TP. In general, the lake showed the lowest risk ratios, while Malewa River catchment showed the highest risk ratios.

The water quality risk map (presented in Fig. 3) based on criteria shown in Table 1, indicates that most of the lower reaches of the rivers (Gilgil, Malewa and
Karati), tend towards poor status for the �ve pollutants (TN, TP, ∑DDT, ∑HCH and ∑cyclodienes) recorded in the study. The approach taken towards
development of the water risk map, does not take into consideration the land use changes, which may present a limitation to the study. However, as a
management tool, the risk map presents catchment managers with an entry point on water quality management with respect to combined nutrients and
pesticides in L. Naivasha catchment.

Table 5
Potential effects of land use/cover on the concentration of nutrients and pesticides

Model variables Fixed Effects Estimate ± Standard Error

Total Phosphorus Total Nitrogen ∑DDT ∑HCH ∑Cyclodienes

Intercept 5.6 ± 0.72   7.56 ± 1.81   1.16 ± 0.67   1.96 ± 0.15   -33.61 ± 12.01  

MCNV -4.13 ± 0.85 *** -4.47 ± 1.67 ** 2.10 ± 1.32   -0.67 ± 0.25 ** 40.92 ± 13.43 **

EGBF -71.77 ± 10.64 *** -41.84 ± 12.52 *** 39.89 ± 18.43 *     77.94 ± 26.92 **

SGL -9.93 ± 2.44 *** -1.58 ± 2.96   7.06 ± 3.73       23.12 ± 8.36 **

BSBA     -5.86 ± 2.39 *         45.13 ± 15.60 **

MCNV - mixed cropland and natural vegetation; EGBF - Evergreen broadleaf forest; SGL - Shrubland/Grasslands; BSBA - Bare soils/Build area

* - <0.05 level of signi�cance; ** - <0.01 level of signi�cance; *** - <0.001 level of signi�cance in the prediction

4 Discussion

4.1 Agricultural intensi�cation and contamination in Lake Naivasha catchment
Based on the secondary geospatial assessment, there has been an expansion of intensi�ed agriculture in the L. Naivasha catchment[34]–[36]. Agricultural
intensi�cation between 1989 and 2019 in the L. Naivasha catchment suggests dynamic landscape changes, leading to contamination of surface waters. At
the same time, lower river reaches have tended towards extensive agricultural production systems, while upper and middle reaches have tended towards
intensi�cation. The population changes in the upper reaches of L. Naivasha catchment [18], [41], and subsequent land subdivisions for small scale farming
are possible explanations of intensi�cation potential [20]. Boserup (1965) postulated increased population density promotes agricultural intensi�cation, with
higher densities (above 600 persons per km2) resulting in unsustainable intensi�cation [7]. The implication of this is the degradation of the landscape in the
catchment as a result of agricultural expansion [33], [42]. Considering that increased forest and shrub cover enhances evapotranspiration, while increased bare
land enhances surface water release, thus, increased bare land can have a negative impact on both water quality and quantity through sediment and pollutant
emissions to surface waters [42]. Further, intensi�cation in the upper reaches suggest that agricultural activities would be the main source of agrochemicals
[43], transported to L. Naivasha, highlighting the need to understand the spatial distribution of nutrients and pesticides in the catchment.

While the distribution of nutrient concentration in the catchment is likely to be a consequence of diffuse sources from land-use, the signi�cantly higher nutrient
concentrations at K1 (River Karati Highway Bridge) suggest higher point-source contribution from extensive agricultural farms around the site. The particular
(K1) site has been documented by previous studies to show high concentrations of heavy metals [44], [45], and nutrients [46], [47] which indicates potential
negligent use of agrochemicals. Although Everard et al. [48] argue that the geological difference between the Karati River sub-catchment and the other river
sub-catchments could explain the high chemical contamination at K1, the consistently higher concentrations at the site, indicates anthropogenic, point-source
pollution. This study established that within the lake, the river mouth site (N1 – River Mouth) acts as major source of pollution into the lake, registering higher
concentrations of nutrients compared with the other sites in the lake. Although similar trend of results within the lake have been reported, the current study
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recorded three times higher concentrations of total phosphorus compared with Kitaka et al. [49] and 10 % higher total nitrogenthan recorded by Ndungu et al.
[50]. The relatively lower concentrations of total nitrogen and phosphorus in lakes compared with rivers is consistent with both dilution and settling effects
[51], [52], making L. Naivasha a sink for the nutrients accumulated from the rivers, a concept that was �rst documented by Vollenweider and Kerekes [53].

Although DDT is banned in Kenya, except for use by public health o�cials [54], its presence in high concentration in surface waters of the L. Naivasha
catchment, and the subsequent high DDT:DDE ratios across the catchment indicate recent and continued use. The ∑DDT was highest in the lake samples,
indicating that the lake is also a sink of DDT used in the catchment. The persistence of DDT in sediments could also indicate potential resuspension from the
sediments [55], as well as the higher distribution potential of DDT compared with HCH or cyclodienes [28]. ∑HCH was highest in the lake, which supports the
�ndings by Onyango et al.,[54], [56] that there is continued application of technical lindane around the lake. While the concentrations reported in this study are
within range of earlier studies by Onyango et al., [56], it is up to 700% higher than the values recorded in L. Naivasha by Njogu [57]. The concentrations of
∑cyclodienes were highest in the lake sites, with the main river source of the cyclodienes being River Gilgil, and lower reaches of River Malewa. The
distribution of the cyclodienes within the lake showed high concentrations within the deeper parts of the main lake (M3 – Hippo point) which has been
documented by Ndungu et al.[22] and Outa et al.[58] as an area of lower disturbance. Further, the current study reports higher concentrations of cyclodienes
compared with those reported by Gitahi et al. [59], suggesting continuous increase in use of cyclodienes based pesticides.

Despite that there was no signi�cant relationship between the contamination by pesticides and enrichment of nutrients across the sites, it would be expected
that agricultural intensi�cation involved concurrent use of nutrients and pesticides [6], [60], and re�ected in a correlation between occurrence and
concentrations. However, differences in modes of action between nutrients and pesticides (Bainbridge et al., 2009; Damalas and Eleftherohorinos, 2011; EU,
2011) and the pathways of transfer to aquatic sources [64], [65] would explain the absence of correlation between nutrients and pesticide concentrations in L.
Naivasha catchment.

4.2 Implication of agricultural intensi�cation in relation to aquatic ecology
Rattan & Chambers [66] argued that TN:TP stoichiometry was positively correlated with crop cover, associating agricultural land use and TN:TP ratios. On the
other hand, the majority of the sites indicated a potential nitrogen limitation, but increased application of phosphorus-based fertilizers [27], [67], [68]. There is
continued use of DDT and technical HCH in the catchment, with consequent emissions to both the river sediments and lake water.

Evidence of increased pesticide residues in the forest areas are comparable with the higher concentration of DDT reported by Onyango et al. [54] within the
upper reaches of the R. Malewa sub-catchment. Odongo et al. [18] and van Oel et al [33] argue that increasing forest cover is negatively related to proportion of
agricultural land, leading to expected lower anthropogenic input of nutrients and pesticides into the aquatic ecosystem. However, forested areas in the L.
Naivasha catchment are associated with fragmented, and small scale, intensi�ed agricultural production, which could explain the increased pesticide
concentrations, particularly through point sources in the forested areas. On the other hand, extensive systems can be associated with agricultural expansion
without sustainability safeguards [69], especially in many of the catchments in sub-Saharan Africa with little to no strategic catchment management
strategies. In the L. Naivasha catchment, increased and emission of nutrients and pesticides indicates, unsustainable intensi�cation/expansion, with potential
impact on biodiversity [70]. An overview would be that it is a fragmented landscape, with trends of reduced forest cover and grassland, and increased crop
production. The net result is increased diffuse fertiliser and pesticides pollution. This suggests the need to apply agricultural extension services to better
manage sustainable intensi�cation, with the goal to reduce overall agrochemical contamination [5], [35], coupled with improved monitoring of the use of
inputs in catchments, and consideration of precision farming practices [71].

Integrated monitoring of nutrient and pesticide concentrations in surface waters and their association with LULC is a major need for development of policies
and to support water and land management in many African catchments subject to intensi�cation, or where plans are developing for intensi�cation for food
security and economic development [7]. Achieving that without moving beyond environmentally safe limits with longer term impact on land productivity,
ecosystem integrity and public health is a major challenge [72]. When catchments include protected areas, or sites that have been designated under
international agreement such as is the case for L. Naivasha as designated Ramsar site the balancing act of environmental protection can be even more
di�cult.

4.3 Management of agricultural intensi�cation
The study identi�ed excess recent and continued inputs of pollutants from agriculture to the surface waters of the L. Naivasha catchment as a management
gap. This includes potential impact from banned pesticides used across the catchment; land use changes with complementary intensi�cation practices; and
high to very high risk of combined nutrients and pesticides chemical pollution in surface waters. These risks occur across many agricultural catchments in
sub-Sahara Africa (SSA) [1], [73]–[75]. Standards for managing aquatic resources are highlighted in the Africa Water Vision 2025 [76] advocating for a revision
of water regulations and laws to give attention to water quality management. However, the blueprint ignores the potential of ecosystem-based management to
allow land-use based water quality management and allocates only 3% of the annual investment (USD 0.6 billion) to institutional and policy reforms, and
research and development. Based on the �ndings in this study, the revision of the Africa Water Vision 2025 needs to take into consideration water quality
standards that incorporate combined nutrients and pesticide use and their emissions from land to water.

Kenya’s regulations on water quality standards [77] does not consider the potential of combined effects of nutrients and pesticide, neither does it consider
monitoring, review, and policing framework for banned substances in surface waters. Moreover, the standards do not have provisions to monitor e�uents
associated with banned pesticides. This is a clear indication on mismatch between regulation, and enforcement, that requires the responsible agencies
including the Water Resources Authority (WRA), National Environment Management Authority (NEMA), and the Kenya Bureau of Standards (KEBS) to actively
revise the water quality standards, enforce the management of the standards, and invest in policy and institutional reforms to address management of
agricultural intensi�cation.



Page 9/15

Policy and institutional reforms contributing to development of regulations that consider the increased risks to surface water and promotes enforcement for
compliance to the regulations can provide considerable bene�ts for sub-Saharan Africa agricultural management. Examples for action include investment
from nutrient credit trading, payment for environmental services, innovating �nancing, and �nancial instruments [78]. Partnerships among national and
subnational governments and the private sector can include more focus on the monitoring of aquatic resources through de�nition of indicators combining
biological, physical, and chemical monitoring [79]. Further, the partnerships can promote coherence of regulations across jurisdictions, and coordination
among strategic water quality management and policy authorities. Catchment management partnerships – such as Imarisha in Naivasha [80], have an
opportunity for inclusive and integrated management. At the same time, a monitoring regime which will require availability of consistent and continuous water
quality data, to track and document progress in the development of water resources regulations and policy[81]. The water quality guidelines in Kenya provides
for frequency of monitoring, single chemical and biological standards, methodologies for collection and analysis of samples, and a reporting framework [40].
However, the standards do not take into consideration combined contamination.

The study shows that intensi�cation, accompanied by increased application of nutrients and pesticides [11], needs sustained advisory capacity in the use of
agricultural inputs [60]. However, the capacity and resources to manage the advisory services are still underdeveloped in Kenya, as in many sub-Saharan
African countries. Reviewing the water quality standards taking into consideration combined contamination would need the integration of advisory platforms,
including online advisory, that controls the emissions of pollutants to surface waters. Inadequate resources to manage advisory services, is exacerbated by
inadequate standardized monitoring methodologies. The United Nations Environment Programme [82] in its Progress on Ambient Water Quality update, report
�ndings from methodological considerations for monitoring water quality. However, the report recommends that the monitoring of ambient water quality
should use national and/or subnational water quality standards. In many SSA countries, the standards are not comprehensive, a situation that reinforces the
need for integrated review for water pollution management at national level.

An integrated review of standards would contribute to achieving and compliance with the Sustainable Development Goals (SDGs) including: SDG 2 through
promotion of sustainable agriculture practices, SDG 14 through reduction of risks to aquatic biota, SDG 3 through reducing the potential of health
complications from exposure to contaminants in the aquatic systems, SDG 6 through availing better water quality and promoting sanitation, and SDG 17
through promoting inclusive partnerships for monitoring and review. Further SDG indicator 6.3.2, provides a mechanism for determining whether, and to which
extent, water quality management is successful, with a target to increase the proportion of water bodies with good water quality [82]. The �ndings from this
study, emphasizes the need for water quality managers to consider combined contamination from nutrients and pesticides, and how that is monitored.

5 Conclusions
The transformation of the L. Naivasha landscape suggest unsustainable agricultural expansion with fragmented land use/cover, reduced forest cover and
grasslands, and increased croplands. This scenario is common in agricultural catchments in sub-Sahara Africa, where forests and grasslands are cleared and
replaced by agricultural production of crops and use by livestock. The expansion is linked strongly to increased emissions of nutrients and pesticides to
aquatic resources in the catchment, resulting in pollution loads, exceeding legal limits. L. Naivasha catchment is not an exemption to this, and this study has
demonstrated recent and continued pesticide contamination of highly persistent DDT (and its degradates `DDE and DDD). Further, the nutrients enrichment
status in the catchment, compared with historical reported enrichment, indicate a catchment that is highly eutrophic. These are clear indicators of a catchment
with agricultural practices leading to negative combined nutrients and pesticides impact. The catchment exempli�es problems that are widespread across
sub-Sahara Africa in attempts to promote food security and economic development.

Achieving sustainable catchment management needs the inclusion of combined pollutants as a variable in management. Since this is an emerging topic of
importance in sub-Saharan Africa, the study highlights the need to adopt practices that support water quality regulators and catchment managers to achieve
the SDGs.

6 Data Availability
All data generated or analysed during this study are included in this published article and its supplementary information �les.
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Figure 1

Lake Naivasha catchment and subcatchments, Kenya. Sampling sites are: G1= Kahuho, G2= Little Gilgil, G3 = Gilgil Highway Bridge, M1= Wanjohi, M2 = upper
Malewa, M3 =Turasha, M4 = Bush Ventures, M5 = Malewa Highway Bridge, K1= Karati Highway Bridge, N1= River Mouth, N2 = Mid-lake, N3 = Hippo Point, N4
= Crescent.
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Figure 2

Decadal landuse changes from 1989 to 2019
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Figure 3

Water quality risk map for the sub-catchments of the Lake Naivasha catchment, Kenya.
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