:' frontiers
in Water

ORIGINAL RESEARCH
published: 07 January 2021
doi: 10.3389/frwa.2020.609215

OPEN ACCESS

Edited by:
Marcus Nusser,
Heidelberg University, Germany

Reviewed by:

Barbara Anna Willaarts,
International Institute for Applied
Systems Analysis (IIASA), Austria
Carly Maynard,

Scotland’s Rural College,

United Kingdom

*Correspondence:
Christopher Mulanda Aura
auramulanda@yahoo.com;
aura.mulanda@gmail.com

Specialty section:

This article was submitted to
Water and Human Systems,
a section of the journal
Frontiers in Water

Received: 22 September 2020
Accepted: 02 December 2020
Published: 07 January 2021

Citation:

Aura CM, Nyamweya CS, Owiti H,
Odoli C, Musa S, Njiru JM, Nyakeya K
and Masese FO (2021) Citizen
Science for Bio-indication:
Development of a Community-Based
Index of Ecosystem Integrity for
Assessing the Status of Afrotropical
Riverine Ecosystems.

Front. Water 2:609215.

doi: 10.3389/frwa.2020.609215

Check for
updates

Citizen Science for Bio-indication:
Development of a Community-Based
Index of Ecosystem Integrity for
Assessing the Status of Afrotropical
Riverine Ecosystems

Christopher Mulanda Aura™, Chrisphine S. Nyamweya, Horace Owiti', Cyprian Odoli?,
Safina Musa?®, James M. Njiru*, Kobingi Nyakeya? and Frank O. Masese®

" Kenya Marine and Fisheries Research Institute, Kisumu, Kenya, ? Kenya Marine and Fisheries Research Institute, Marigat,
Kenya, ° Kenya Marine and Fisheries Research Institute, Kisii, Kenya, 4 Kenya Marine and Fisheries Research Institute,
Mombasa, Kenya, ° Department of Fisheries and Aquatic Sciences, University of Eldoret, Eldoret, Kenya

The use of socioeconomic and cultural parameters in the assessment and biomonitoring
of ecological health of aquatic ecosystems is still in its nascent stages. Yet, degradation of
aquatic ecosystems has elicited concerns because of its bearing on social and economic
development of communities consisting of marginalized and vulnerable groups, as well
as the expenses and technical knowhow involved in biomonitoring approaches. In this
study we developed a Citizen-based Index of Ecological Integrity (CIEI) for assessing and
monitoring the ecological status of vulnerable African riverine ecosystems in Lake Victoria
Basin, Kenya. The hypothesis is that the citizen-led socioeconomic and cultural metrics
provides a more cost-effective broad view of ecosystems than other biomonitoring
methods in the assessment of water resources in the developing countries. Selected
rivers in the southern part of Lake Victoria (Rivers Kuja and Sondu-Mirui) recorded
the highest CIEI than their northern counterparts (Rivers Yala and Nzoia) that had
moderate to poor ecosystem integrities. The study demonstrates the usefulness of this
approach to elucidate the source of impairment, the extent of impacts and provide a
justifiable rationale to advice policy makers on developing guidelines for conservation and
management of aquatic ecosystems. We recommend for adoption and promotion of the
CIEl perspective in areas where such approaches appear defensible for the assessment
of catchment-wide practices in areas with robust indigenous knowledge to provide a
broad-view of the ecological health of the aquatic ecosystem.

Keywords: citizen science, community-based monitoring, ecological integrity, water pollution, catchment
management

INTRODUCTION

In working toward the protection of freshwater ecosystems, development of decision-support
tools for monitoring changes in water quality and biological communities over time has been
given a priority in many parts of the world (Statzner et al, 2001; Aura et al, 2020; Ko
et al,, 2020). Biological communities have especially become common indicators of change,
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based on the premise that the presence or absence of certain
species or groups of species at a given site reflects its
environmental quality (Barbour et al., 1999; Dallas et al., 2010).
By monitoring how species respond to specific stressors in their
environment and developing species-environmental relations
along gradients of human influence, our understanding of how
human disturbances can shape the structure and functioning
of ecosystems has tremendously increased over the last 4
decades (Karr, 1981; Karr and Chu, 2000; Masese et al., 2009;
Friberg, 2014). Continuous development and refinement of these
approaches have yielded solid theoretical grounds upon which
bioindication has flourished and operational biomonitoring
programs have been developed (Dickens and Grahm, 2002; Kaaya
etal., 2015).

Biomonitoring and bioassessment data and information is
particularly important for aquatic systems management, because
population growth, migration, and sociocultural activities
are contributing to greater rates and extents of watershed
development and impairment (Angel et al, 2011; Seto et al,
2011). These altered conditions negatively affect water quality,
aquatic life, and functions of stream ecosystems (Smucker and
Detenbeck, 2014) and have adverse socioeconomic consequences
as well (Pickett et al,, 2011). As a result, the proportion of
impairment has become an important factor in urban planning
and watershed management, because it is strongly associated
with development intensity and stressors, and it can be readily
quantified and regulated (Bellucci, 2007; Schueler et al., 2009).

Characterizing relationships between watershed conditions
and water quality could help identify future priorities for
monitoring and restoration (Faghihimani, 2012). However, the
methods for data collection and study design could have
consequences for interpreting results and for decision making
(Carlsson and Berkes, 2005). Various methods of monitoring
and assessment have been employed in characterization of
aquatic relationships (Lozano et al., 2013). Monitoring actions
traditionally focused on one aspect of ecological integrity that
involved the determination of pollution from point sources
which involves use of chemical and physical water quality, with
regulatory efforts aimed at controlling individual parameters
(Roux, 1997). With the failure of the chemical and physical
water quality to provide information on the overall condition of
the aquatic system, the use of biomonitoring approach emerged
that was more integrated and holistic (Cairns, 2003). However,
both physical-chemical and biological approaches require skills
and knowledge as well as costs for their implementation
(Masese et al., 2013), which is a major hindrance to continuous
monitoring of vulnerable ecosystems in developing countries.

A number of factors determine the choice of a program for
assessment and monitoring of ecosystems, such as research costs,
human resources, and data needs (Wren et al., 2000). For African
systems, biomonitoring of aquatic ecosystems lags behind other
regions because of limited financial devotion, lack of technical
capacity, and limited guides on biomonitoring. Despite these
hindrances, a number of regional or country-specific indices
and programs have been developed for biomonitoring (e.g.,
Dickens and Grahm, 2002; Aschalew and Moog, 2015; Kaaya
et al., 2015). Most of these indices and programs, however, are

based on biological communities and the physical and chemical
parameters of the environment that can be measured using
standard methods.

Despite their wide appeal and adoption, traditional ecological
data collection methods, and biomonitoring programs are
limited in the amount of data that can be gathered across
large spatial and temporal scales (Pocock et al., 2017; Achieng’
et al., 2020). As a result of these limitations, new approaches
to environmental monitoring have been explored, and citizen-
science (Conrad and Hilchey, 2011; Theobald et al., 2015;
Chandler et al, 2017; Pocock et al, 2017) has emerged as
one of the methods, which involve volunteer participation by
community members in providing or collecting information
following a protocol provided, designed and or validated by
experts in the field. This is aligned to co-management approaches
that give stakeholders a platform for sustainable management
of aquatic resources (Obiero et al, 2015). The approach has
among others factors such as cost led to the push toward
the inclusion of citizens in stewardship and monitoring of
the status of natural resources (Brooks et al., 2005; Mochizuki
and Yarime, 2016). While African countries have made a
lot progress in this regard, especially on the involvement of
communities in top-down decision making, and monitoring and
management of natural resources, such as fisheries (Imende
et al., 2005; Etiegni et al., 2017), forestry (Crocker et al., 2020),
water resources (Bannatyne et al.,, 2017) and effects of climate
change (Tesfahunegn and Gebru, 2020), the development of
citizen science as an environmental assessment and monitoring
approach is quite limited, and in most cases, it is at its nascent
state (Requier et al., 2020).

Managers and non-governmental organizations are increasing
their use of citizen volunteers to enhance their ability to monitor
and manage natural resources, through tracking of species at
risk and conserving protected areas (Conrad and Hilchey, 2011;
McKinley et al., 2017; Crocker et al., 2020). However, in many
places a comprehensive approach has not been developed on
the use of socio-cultural knowledge and experiences in the
assessment of the status of aquatic ecosystems (Reid et al.,
2010). Social value systems are transient and transitory, as is the
environment in which they operate, and are by no means laws of
nature (Stephenson et al., 2020). Several fundamental social and
cultural values are associated with basic needs, determined by the
biology of biota, thus being less subject to modification (Hjalte
et al., 1977). Well-noted examples are human interactions with
aquatic ecosystems that stimulate such physical surroundings
(Tol, 1995). Thus, the indigenous knowledge of individuals who
have long interaction with aquatic ecosystems can be utilized in
understanding of ecosystem integrity.

In most African countries, biomonitoring, and bioassessment
of aquatic ecosystem is often confounded by a lack of, or
inadequate and incomplete, data and monitoring initiatives
by professional scientists and government agencies (Masese
et al, 2013; Mangadze et al, 2019). To fill the void, non-
professionals and citizen organizations have emerged the world
over to track trends and work toward effective and meaningful
planning, management, and stewardship. This is because, data
collection requires local inputs that are accompanied by the

Frontiers in Water | www.frontiersin.org

January 2021 | Volume 2 | Article 609215


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Aura et al. Citizen Science for River Monitoring
£ & 00t 35.000°F _
g p

¥,
QQ & Z:
/8
S
N b1
w2, =
b, 65D
e nzoc:':‘— >3 * 3 T
nzx 6«/\ = > = » > f
23, - .
.§ ) “?s T - ag
3 YA3bQ D - - 1 g
° “\""mnfw k/v.\l//_/ =)
\ S - R.Yala
i‘-/\._
wj»’ l\,/ \ ‘/ﬁ
p) Ny
& 1 .
[/ \‘\f/"‘ Q ,Z/\ “.."
[ . s o
34.000°¢ 34.200°€ {
i
. a
I ".l Mfe 7
S| | nisans 7 AL
@l ! > g
=} 1' 2
i
1
i
i
i
KU3ab 8
L KU3bo 2 oKUz2a -
KU3co ~“SOwR Kua )
& K28 b OKU1a »
8 U1b© Legend ]
O,
3 — Study rivers :
{=5] Wetlands
[ L. Victoria
23 Forest
£.7i Riparian counties
0
o Sampling areas
.

mouth after discharge. The labels (a—d) represents sampled replicates of each site.

34.000°E

FIGURE 1 | Location of the study sites within the stations of (a) River Kuja (KU), (b) River Sondu-Miriu (SM), (c) River Yala (YA), and (d) River Nzoia (NZ). Sampling sites
with at least three replicates as representative of microhabitats included River Kuja: KU1a, b, c—River Kuja upstream channel; KU2a, b, c—Kuja river mouth before
discharge; KU3a, b, c—Kuja river mouth after discharge. Sondu-Miriu: SM1a, b, c—River Sondu-Miriu upstream; SM2a, b, c—Sondu-Miriu river mouth before
discharge; SM3a, b, c—Sondu-Miriu River mouth after discharge. River Yala: YA1a, b, c—River Yala upstream; YA2a, b, c—Yala river mouth before discharge, YA3a,
b, c—Yala river mouth after discharge. River Nzoia: NZ1a, b, c—River Nzoia upstream, NZ2a, b, c—Nzoia river mouth before discharge, NZ3a, b, c—Nzoia river
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equitable participation of data users, including local communities
which can lead to better monitored results and sustainability
(Stephenson et al., 2020). One such approach is the application
of sociocultural perspectives that uses indigenous knowledge and
parameters in the creation of indices. More so, by integrating a
large number of stakeholders, citizen science has the potential
to directly connect scientists to the public and shares the
importance of their work (Crocker et al, 2020). This could
crack the challenge of communicating the value of scientific
research to the public that is increasingly important yet in present
world researchers typically have little support for outreach and
education activities.

In this study we explored the use of sociocultural and
economic perspectives, knowledge, and experiences to determine
the pollution status of major rivers in the Lake Victoria Basin,
Kenya. We used indigenous knowledge as one of the items in

the toolbox of citizen science to develop a multimeric approach
to bioassessment based on people’s experiences and perspectives
forged from living with and interacting with rivers in their
localities. The approach has a potential for application in the
assessment and monitoring the condition of vulnerable riverine
ecosystems in Africa.

MATERIALS AND METHODS
Study Area

This study was done in the lower reaches of major rivers draining
the Kenyan part of the Lake Victoria Basin (LVB), specifically
Rivers Nzoia, Yala, Sondu-Miriu, and Kuja (Figure 1). These
rivers constitute over 45% of the total discharge to the lake
(Twesigye et al., 2011). The rivers represent the major river
catchments with a gradient of disturbance, and most notable
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biodiversity hotspots around Lake Victoria (Masese et al., 2020).
These rivers support an artisanal fishery, particularly during the
rainy seasons (Balirwa et al., 2003) and act as a source of water
for livestock, irrigation, industries, and domestic uses. They are
threatened by catchment activities such as conversion of wetlands
into farms, urban developments, poor management of domestic,
and industrial wastes and the leaching of agrochemical residues.
These activities cause decrease in forest cover, increases in soil
erosion and rivers pollution (Balirwa et al., 2003).

Rivers Nzoia and Yala constitute the northern section of
this study and Rivers Kuja and Sondu-Mirui are the southern
representatives. The Lake Victoria Basin delivers important
ecosystem services to more than 40 million people in the three
riparian countries. These include fisheries, transport, and water
for domestic, agricultural and industrial uses (Aura et al., 2013).
The Kenyan part of the lake includes the Winam Gulf (Kavirondo
Gulf or Nyanza Gulf), which is joined to the main lake by
the Rusinga channel with major river discharges that have
been believed to influence pollution status of the lake (Kundu
et al, 2017; Aura et al, 2019). Nutrient enrichment in the
Winam Gulf of Lake Victoria (Gikuma-Njuru and Hecky, 2005;
Guya, 2013) has been attributed to increased extrinsic nutrient
loadings associated with changes in land-use activities within its
catchment (Verschuren et al., 2002). Due to the combined effects
of human population growth, land use and land cover changes
in the catchments of major rivers, elevated sedimentation have
been reported to occur in the rivers over the years (Masese and
McClain, 2012).

Study Design

The participation of riparian communities situated within 5km
of the river were selected on the basis of their involvement
in the riverine changes and land use that foster the utilization
and dependency on riverine products and their alternatives in
this study. This underscores the application of citizen science
into perspective. The riverine community benefits from a river
site in their neighborhood in terms of anthropogenic activities
such as fishing, water abstraction, waste disposal, and other
socioeconomic and cultural activities that can be quantified into
a measurement of a parameter or value, herein referred to as a
metric (Aura et al., 2017; Masese et al., 2020). As a result of these
practices and changes, this study aims to determine the role of the
riparian communities in assessing the status of riverine systems.

Criteria for Sample Size Determination

The target population in the lower reaches of the selected major
river catchments was identified from riparian communities.
This consisted of local residents living within 5km from the
boundary of the river and the leaders of the community
riverine associations. The northern riparian catchment had a
total population of 102,321 people while the southern part had a
total population of 110,321 people (National Population Census,
2019). The sample size was arrived at using the equation below
by Cochran (1963):

2’pq
dZ

(1)

Where:

n = the desired sample size (if the population is >10,000)

z = the standard normal deviate at the required
confidence level

p = the proportion in the target population estimated to have
had characteristics being measured (0.15)

q=1-p

d = the level of statistical significance set at (0.05)

By using the above equation 400 people were sampled with
each river having 100 participants from the entire population to
be used for the study. In this case, the sample size method was
chosen in order to ensure evenness in the distribution of the
targeted sample population.

Criteria for Participants Selection in Interviews

The data were collected through interviews with community
members, literature review, and field observations using transect
walks to ensure evenness and appropriate representation of
the target population. Qualitative data were collected using
interviews that were administered to participants. Sampling
(riparian community) was done within 5 km because it has been
shown that natural systems’ use reduces beyond this distance
(Ewel, 1999). In the study, one among the elderly members
in each household was randomly selected and interviewed
for representation.

Data were collected during the wet season (March) and dry
season (July) of 2018 and 2019. The participants were interviewed
with the help of a local assistant who acted as an interpreter in
cases where the participant could not respond in English. Before
the interviewers and interpreter were trained on the contents of
the questions, and this made it easier for him/her to understand
the concept and the research. Closed and open-ended questions
were used to extract relevant information from participants and
also understand their views. The interview questions consisted of
both one response and multi-response questions.

The questions were divided into four sections representing
socioeconomic and cultural perspectives classified into structure,
scale, pattern, and network (Zhou et al., 2019) in relation to
the local situations. The participant’s perspectives sought under
aforesaid sections on structure and scale and pattern and network
metrics are presented in Table 1 under the socioeconomic and
cultural metrics.

Before conducting the interviews, Key informant interviews
were conducted among community leaders in the riverine
regions. A total of 16 Key Informant Interviews (KIIs) were
conducted, with each major riverine site having 4 KIIs who were
mainly organizational heads and leaders. The responses of >
50% choice of a reference site helped in the determination of
a control site as well as the appropriate method of collecting
community perceptions in each of the studied rivers during the
scoring process. Furthermore, before interviews, consent of the
participants was sought. If they chose not to participate, the next
household member was picked. The interview questions was pre-
tested on 40 participants (10 from each of the riverine systems)
who were not part of the 400 interviewees. Following the pre-
testing, a few changes were made to the structure and wording of
the questions for clarity.
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TABLE 1 | Socioeconomic and cultural metrics and definitions that were
evaluated for the development of the Citizen Index of Ecological Integrity (CIEI) for
major rivers in the lower reaches of Lake Victoria Basin, Kenya and their predictive
responses to increased levels of perturbation.

Socioeconomic and cultural Metric definition Predicted response/

metric assumptions to
increased
perturbation

Structure

Water color/clarity Value of increased Increase
eutrophication/
sedimentation

Water odor Value of increased Increase
pollution/
eutrophication

Average number of individuals ~ Value of productivity Decrease

of fish per trip

Fish species diversity changes Value of productivity Decrease

over time

Scale

Use of river as waste disposal  Value of increased Increase

site pollution load

Forest size per site Value at < 5km radius  Increase
from the river

Number of Value of increased Increase

bathing/swimming/fishing pollution load

areas

Number of livestock access Value at < 5km radius

points from the river

Pattern

Number of industries per site  Value at < 5kmradius  Increase
from the river

Number of farmlands per site Value at < 5km radius Increase
from the river

Number of urban areas per site Value at < 5km radius  Increase
from the river

Number of settlements per site  Value at < 5km radius  Increase
from the river

Network

Number of conservation Value at < 5kmradius  Decrease

groups from the river

Number of sites with cultural Value for ecosystem Decrease

rites friendly rites per river

Number of roads/transport Value at < 5km radius Increase

network from the river

Level of inhabitants’ education  High literacy Decrease

The participants were purposively chosen with special regard
to proximity of residence from the river-line, involvement in
socioeconomic and cultural activities related to the river-system
and the duration of stay in proximity to the riverine system
(Zhang et al., 2018). Those who stayed in close proximity to the
river, depended on the river economically and socially, and had at
least 20 years of continuous residence were chosen for interviews.
This was based on the assumption that they could answer more
accurately on the observed changes that the river systems have
undergone over time. Snow-ball sampling technique was used
when more information was required (Aura et al., 2018).

Field Observations

To assess and identify water quality status for supplementation
and validation with the Citizen Index of Ecological Integrity
(CIEI) developed, physico-chemical observations were
conducted. In this case, the field parameter measurements
would show the scientific and verifiable output of the ecosystem
which would be compared with the CIEI in assessing the
degree of appropriateness. Each sampling expedition took an
average of 10 days in July and March for each year from 2016
to 2018 with specific experts in water quality. This was done
to add to the information collected through questionnaires.
Microhabitats including riffle, pool, run, and open water were
sampled in triplicate (Aura et al., 2010). General environmental
observations about each site such as the maximum depth,
time of sampling, site characteristics, and Global Positioning
System (GPS) location were noted before sampling for physico-
chemical characteristics as they could have an influence on
physico-chemical comprehensions.

The selected physico-chemical parameters that were measured
using standard methods for in situ data collection and sampling
included temperature (°C), dissolved oxygen (DO, mg L, pH,
and conductivity (1S cm ™). These physico-chemical parameters
were measured using portable electronic water quality meters.
Water transparency was measured with a standard Secchi disk
(APHA, 2005). The water samples were further collected directly
from the sampling sites using pre-treated 1L polyethylene
sample bottles for nutrient analyses. The bottles were individually
labeled, filled, preserved using sulphuric acid and stored in cool
boxes, for laboratory analysis using photometric methods for
total nitrogen (TN, g L™!) and total Phosphorus (TP, ug L™1)
(APHA, 2005).

Citizen Index of Ecological Integrity (CIEI)
Figure 2 shows the flow chart used in the attainment of the
CIEL The index is developed using socioeconomic and cultural
attributes and validated using physic-chemical parameters and
a previous index developed for the region. This is because
hydromorphological changes, socioeconomic and cultural shifts
within the major river catchments of Lake Victoria have
modified the ecology of most of these rivers from a desirable
to less desirable condition (Masese and McClain, 2012; Guya,
2019). Thus, the community perceptions on the changes in
socioeconomic and cultural perspectives that were classified into
structure, scale, pattern, and network were used to develop a
citizen-based index for assessing the pollution status of major
rivers draining into Lake Victoria, Kenya (Figure 3).

The feedback loop of the metrics (Table 1) in comparison
with increased levels of perturbations was assigned community
perception scores of either low (assigned a score of 1), medium
(assigned a score of 3) or high (assigned a score of 5) as illustrated
in Table 2. During the KIIs, 98% of them disagreed with the use of
a continuous Likert-scale of 1-10 as it was deemed to be long and
difficult to differentiate one score to another due to the closeness
of the numbers (data not provided). Thus, although the criterion
of 5, 3, and 1 has been heavily criticized by various authors
such as Stoddard et al. (2008), it was deemed relevant for this
study (Table 2). The 5, 3, and 1 system has also commonly been

Frontiers in Water | www.frontiersin.org

January 2021 | Volume 2 | Article 609215


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Aura et al. Citizen Science for River Monitoring

SCALE | STRUCTURE | | NETWORK | | PATTERN |
River as waste disposal site; Forest | | Water colour/ clarity; Water odour; # || # of conservation groups; # of # of industries; # of farm lands;
size per site; # of bathing/ || of fish per trip; and Fish species || sites with cultural rites; # of # of urban areas; and # of
swimming/ fishing areas; and # of || diversity changes over time. roads/ transport network; and settlements.
livestock points Level of education.

I Sample size determination I——
I_

Participants selection

Administration of interviews, literature search,
and scientific field observations

I Scoring of metrics in relation to Klls } Expe&;gltr:?en and
| Developed CIEI f——
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physico-chemical _'I Validation of developed CIEI

parameters I I
I Classification by integrity classes I——

| Final CIEI for pollution status I——

FIGURE 2 | Flow chart showing the steps involved in the development of the Citizen Index of Ecological Integrity (CIEl) novelty for assessing the pollution status of
major river catchments in Lake Victoria, Kenya.

| | |
Low Medium High

SCALE
1. River as waste
disposal site

2. Forest size per site

3. # of bathing/
Swimming/fishing areas
4. # of livestock
access points

Feedback

STRUCTURE
1. Water colour/clarity
2. Water odour

3. # of fish per trip

4. Fish species diversity
changes over time

PATTERN
# of industries
# of farm lands

# of urban areas
# of settlements

Socioeconomic
& cultural
Systems

PONPE

NETWORK
1. # of conservation
groups
2. # of sites with cultural
rites

3. # of roads/transport
Network

4. Level of education

Interaction

FIGURE 3 | Schematic representation of the socioeconomic and cultural metrics for the development of the Citizen Index of Ecological Integrity (CIEl) novelty for
assessing the pollution status of major river catchments in Lake Victoria, Kenya.
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TABLE 2 | Developed Citizen Index of Ecological Integrity (CIEI) for ranking of major river catchments in relation to community perceptions on the pollution status in the lower reaches of Lake Victoria, Kenya.

Metrics River Nzoia River Yala  River Sondu-Mirui River Kuja Scoring criteria Notes/Assumptions
NZ1 NZ2 NZ3 YA1 YA2 YA3 SM1 SM2 SM3 KU1 KU2 KU3 5 3 1
Water color 5 3 3 5 5 3 5 5 3 5 5 5 >Colorless Brown-Green ~ >Black  >Black denotes highly polluted water
Water odor 5 3 3 5 3 3 5 5 3 5 5 3 Nosmell Musty >Pagent  No smell denotes good water quality
Average number of fish per trip 1 1 3 1 1 3 3 3 3 3 3 5 >10 6-10 <5 High number denotes good integrity
Fish species diversity changes over time 3 3 5 3 3 5 5 5 5 5 5 5 >30 15-29 <15 High proportion denotes good integrity
Use of river as waste disposal site 1 1 3 1 1 3 3 3 3 3 3 3 <5 4-20 >20 Low loading denotes better integrity
Forest size per site 1 1 3 3 3 5 3 3 5 3 5 5 <10 11-29 >30 Low number denotes less pollution loading
Number of bathing/swimming areas per site 3 3 5 1 5 5 5 3 5 3 3 5 <3 4-5 >5 Low number denotes less pollution loading
Number of livestock access points per site 3 3 5 3 1 5 3 3 5 1 1 5 <3 4-5 >5 Low number denotes less pollution loading
Number of industries per site 1 1 5 3 1 5 3 3 5 3 3 3 0 1-2 >2 Low number denotes less pollution loading
Number of farmlands per site 3 3 5 3 1 5 3 3 5 1 1 5 <10 11-29 >30 Low proportion denotes less pollution loading
Number of urban areas per site 3 3 5 3 3 3 3 3 5 5 3 5 <1 2-3 >3 Low proportion denotes less pollution loading
Number of settlements per site 1 1 3 3 38 b5 3 3 5 3 5 5 <1 2-3 >3 Low proportion denotes less pollution loading
Number of conservation groups 1 1 3 1 1 3 3 1 3 3 1 5 >2 1 0 High proportion provides increased integrity awareness
Number of sites with cultural rites 3 1 3 1 1 3 1 1 1 1 1 3 >2 1 0 High proportion provides increased integrity awareness
Number of roads/transport network 3 1 3 1 3 3 3 1 5 3 3 3 <1 2-3 >4 Low proportion denotes less pollution loading
Level of inhabitants education 5 5 3 3 3 3 5 3 3 5 5 3 >Tertiary  High school <Elementary High literacy promotes conservation

Total CIEI
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Catchment/River CIEI 45 47 56 57
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TABLE 3 | Suggested threshold values of ecosystem integrity classes for final
Citizen Index of Ecological Integrity (CIEl) development showing the classification
level and ranges for ranking pollution levels in the lower reaches of Lake Victoria,
Kenya during the study period (Adopted and modified from Aura et al., 2010).

Class of integrity SCIEI
ranges
Good > 55

Good water quality; slight pollution characteristics and some
degradation (No human activity within 50 m of the riparian zone;
bottom substrate dominated by very coarse and coarse, and vegetal
materials; clear water with visible substrate)

Fair 47-54
Moderate water quality; significant pollution levels and degradation

(Riparian zone >20m wide with minimal human activity; natural

vegetation maintained along the reach with low instream cover <30%;

substrate mainly of coarse and fine material)

Poor

Poor water quality; major/heavy pollution and degradation (Riparian
zone <20; collapsed and eroded sites; human activity include,
agriculture, water abstraction, urbanization and deforestation; bottom
dominated by sand and organic materials; water very turbid)

used for metrics biomonitoring and assessment (e.g., Aura et al.,
2010, 2017), and its similar use could give better comparisons
with other indices. For each socioeconomic and cultural metric
that was expected to decrease with increased pollution levels in
relation to the control site, the community awarded a score of
1, because the metrics showed the greatest deviation from the
reference Kllsparticipants. Those sites were deemed to be close
to the control site by the community were scored as 3, and
values above the control site were scored as 5. The scoring by the
community was reversed for socioeconomic and cultural metrics
expected to increase with pollution levels. The scores for each
metric were summed to arrive at the final CIEI value for each
sampling site.

Based on the CIEI final scores, the study used integrity classes
of good, fair, and poor as quantitative levels to come out with
a scenario that could easily be interpreted by the policy makers
(Aura et al., 2010) that were based on site visits and field records.
The highest and lowest threshold ranges of > 45 and < 57 points
were used to avoid a large deviation from all the CIEI final values.

Data Analysis

The interviews were examined to ensure that they were
completely and consistently filled. The interview questions were
then coded and summary tables and figures produced for the
various responses. In order to ascertain the degree of accuracy
of the CIEI in determining the pollution status of the sampled
ecosystem, previously developed Phytoplankton Index of Biotic
Integrity (PIBI) values in similar study sites were used for the
validation of the novelty approach (Aura et al, 2020). The
similarity of the study sites would help establish the degree of
performance and robustness of the CIEI as a citizen-led tool
in relation to the previous PIBI developed as a scientific-led
output. The physico-chemical data were not normally distributed
and attempts to normalize the data by transformations were
unsuccessful. The physico-chemical data was compared spatially

and temporarily using the non-parametric Kruskal-Wallis one-
way ANOVA to examine the uncertainty of values and variations
through pair-wise comparisons. The CIEI was correlated with
significant (p < 0.05) physico-chemical parameters to further
validate and strengthen the results of the final index. The study
employed the use of SPSS version 21 (SPSS Inc., Chicago, IL,
USA) and R version 3.5.0 (R Core Team, 2014) for statistical
analyses. Significant differences for all analyses were determined
at p < 0.05.

RESULTS

The participants in the study fell within the age group of between
55 and 70 years olds depicting participants’ good experience.
Though unquantified in the study, majority of the participants
hesitated in answering questions on the scale metrics. The
easiness to answer interview questions were in the order of
structure, pattern, network, and scale from the least hesitant to
the most hesitant metrics.

Table 2 shows the calculated final CIEI scores of the lower
reaches of Lake Victoria, Kenya. In the final CIEI, River Kuja
emerged with the highest average CIEI (57 points), while River
Nzoia recorded the lowest CIEI (45 points) (Table 3) portraying
good and poor ecosystem integrity accordingly. Thus, CIEI was
in the order of Rivers Kuja, Sondu-Mirui, Yala, and Nzoia, from
the highest to the lowest, respectively.

The validation and strengthening of the final CIEI scores
showed significant but weak relationship (R* = 0.37; p = 0.02)
with the PIBI scores (Figure 4). Notably, the CIEI depicted a
similar trend with the previous index from North of Lake Victoria
to the South. The only difference was the highest scores recorded
in CIEI due to use of high number of metrics.

In the field observations, only conductivity, TP and TN levels
varied across the sites (Kruskal-Wallis ANOVA; p < 0.05) with no
temporal variations (Table 4). Further validation of the CIEI in
relation to physico-chemical parameters with spatial significant
variations showed a negative relationship (p > 0.05; R < 0.5)
between the CIEI scores and the physic-chemical parameters.

DISCUSSION

Just like other scientific indices, the evaluation in the use
of citizen-led tool for bioindication has been found to have
several assumptions and drawbacks. Citizens or communities
who have lived side by side with the natural environment
for millennia are often believed to have a comprehensive
understanding of the ecosystem integrity, including function and
structure (Zhang et al., 2018). However, this is not always the
case. This is because different inhabitants could have different
interests and socioeconomic valuations. Furthermore, knowledge
on the integrity, structure and functioning of natural ecosystems
such as rivers that is passed down over generations can be
harvested in a distorted manner and end up to have no benefit
on management and conservation. Notably, the classification
of merits and attributes for citizen-based indices are expert-
dependent (Masese et al., 2013). The expatriate point of view
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FIGURE 4 | A correlation plot showing the validation of the Citizen Index of Ecological Integrity (CIEl) novelty performance using previously developed Phytoplankton

could therefore hinder objectivity and uniformity of the index
output and thereby misinterpret conservation priority areas. This
is especially the case in Africa where standard methods and
tools for bioindication have not been fully developed for use
by resource managers and conservationists. Additionally, other
assumptions and premises are study dependent due to variability
in geographical characteristics (Mangadze et al., 2019).

For example, the current study was based on the premise
that pollution of major riverine catchments due to anthropogenic
activities can cause longitudinal changes in water quality and
habitat conditions that influence a lake basin. Community
perceptions were noted to have indiscriminately determined the
studied riverine catchments integrity variations as reflected in the
spatial variability of metrics used as indicators of degradation.
Metric variability and response of metrics to impaired sites
indicated CIEI to have corresponded to the changes in the
riverine ecosystem based on the physicochemical parameters
reported in the study. However, the metrics used were not
indiscriminately measured for redundancy and for elimination
since each parameter was given a chance to contribute to
the final index to ascertain the value and relevance of every
participant (Zhou et al., 2017). This meant that each participant
input was given a chance to contribute to the final CIEI
to ensure full representation and to minimize bias. However,
hesitation to answer interview questions on the scale metrics
and as per the order of hesitation could be attributed to the
riparian communities’ activities that were directly linked to their
relationships with contamination. Such behavioral responses
from participants could be examined and quantified further in

future citizen science studies that are related to pollution and
environmental degradation.

However, understanding how socioeconomic and cultural
perceptions of aquatic systems vary spatially has important
implications for researchers, policy makers, environmental
organizations aiming to reduce, or minimize pollution of such
systems (Zhou et al., 2019). The findings from this study highlight
the need for not only future socioeconomic and cultural studies
on aquatic systems indices and models, but for outreach and
educational efforts to occur in marginalized neighborhoods to
increase the trust in the use of such systems and their safety. The
improved trust will reduce the economic burden of conserving
them and will also address the environmental sustainability issues
surrounding pollution in aquatic systems.

The reported participants’ age class of 55-70 years signified
their longer residence time at the study areas, indicative
of significant and valuable responses (Bachetti et al., 2008).
This is because the CIEI was purely based on responses
participantobtained during the interviews using semi-structured
questionnaires and participant observation. This makes CIEI
a major bottom-up tool that can be extensively employed to
represent and explain ecosystem priority issues of the riparian
community such as land use systems, pollution and water
resource management.

Along the major river catchments studied herein, over-use
of the riparian areas, sewage discharges and agriculture affected
the quality of the riparian zones, banks and substrate quality;
these were reflected in the developed CIEI (Tables 2, 3) and
water quality at the sampling stations (Table4). The order
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of index scoring of rivers from Kuja, Sondu-Mirui, Yala, and
Nzoia was from the highest to the lowest, respectively. Observed
inclination illustrated the gradient of influence on the pollution
status of the lake basin from north to south. Thus, selected
northern rivers are highly threatened by catchment activities. The
main ones being conversion of wetlands into farms such as the
Dominion Farm around River Yala, urban developments, poor
management of domestic, and industrial wastes from industries
such as Pan Paper Industry along River Nzoia, and leaching
of agrochemical residues causing river pollution, decreased
forest cover, and increased soil erosion. Conversely, selected
southern rivers Sondu-Mirui and Kuja are influenced mainly by
agricultural farms, domestic wastes, and urbanization (Balirwa
et al., 2003). The variation in the ecosystem integrity could
therefore be due to the varying degree of multiple sources
of pollutants from agricultural fields, industries, and domestic
sources in studied ecosystems (Kundu et al., 2017). Similarly,
several authors have recorded differences in space for biota,
nutrient variations, pollution levels, water quality, and indices
(Lung’ayia et al., 2001; Gikuma-Njuru and Hecky, 2005; Aura
et al., 2010; Haande et al., 2011; Masese et al., 2013).

The validity of the CIEI developed was also reinforced by the
insignificant weak relationship with conductivity and nutrient
concentrations (Figure 5), suggesting that the variation exhibited
some level of congruent with habitat and water quality of the
studied rivers. In this regard, the CIEI was to some extent, able
to identify sources of impairment and to assess the level of
degradation arising from human activities. This could be because
no site in the studied rivers scored the maximum values for
all metrics, it can be adduced that even areas considered to be
relatively unimpaired were already experiencing the effects of
degradation (Aura et al., 2010).

For the management of the Lake Victoria Basin, the metric
scores and integrity classes are indicative of a changing
environment under the influence of human activities. With
increasing human population in the major riverine catchments,
the situation is likely to be exacerbated. The challenge is to
mitigate the current trend and to improve the CIEI scores at
the sites and stations by improving both water and habitat
quality. This can be achieved by riparian zone restorations, which
have been found to be useful in improving riverine integrity
(Kasangaki et al., 2008). Therefore, there is need to adopt this
index for monitoring the Afrotropical riverine systems, because it
is reliable not only for identifying sources of impairment, but also
for assessing restoration successes. The CIEI developed herein
in the current form or if further strengthened and reviewed,
could offer a potential candidate decision support tool for the
management of the lake basin at spatial and temporal level.

CONCLUSIONS

This study explores the preliminary use of socioeconomic and
cultural parameters or index in the assessment of natural
aquatic ecosystem integrity. The CIEI developed showed a robust
approach to ascertain the various levels of ecosystem integrity
using community metrics. In this case, southern ecosystem of
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Lake Victoria was ranked well than the northern counterpart in
terms of pollution status of the lake basin. Thus, CIEI novelty
herein could be used to show areas where conservation may be
prioritized, with a broader applicability for snapshot studies in
marginalized areas and with minimal expenses. There are some
deficiencies in the current study that need to be improved in
future research. Because the research area is a quite complex
system, data with high spatio-temporal accuracy is required
for better simulation. More adjustments for the CIEI may be
required in the future to compare the upper sections of the
catchments with the lower reaches as well as revision and up-
scaling of socioeconomic and cultural metrics used.
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