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Africa harbours about a third of the world’s largest natural resource reserves of

mineral such as gold and diamonds. These vast mineral reserves in Africa are

essential to the continent's development and modern industrial society.

However, these minerals, including gold, are often illegally mined by locals

which leads to biodiversity loss and groundwater and surface water

contamination. In the present study, we assess the impact of illegal gold

mining (i.e., panning) and other anthropogenic activities on the distribution

patterns of macroinvertebrate traits in the River Chanchaga, North central

Nigeria. Anthropogenic activities including urban development, agricultural

activities, household activities and gold mining are impacting the Chanchaga

stream sites samples in Nigeria. We selected four sampling stations (i.e., reaches),

denoting increasing disturbance order; Station 1 < Station 2 < Station 4 < Station

3. Four macroinvertebrate traits, body size, mode of respiration, mode of

locomotion, and body shape, were selected and categorized into 19 attributes.

The trait attributes were assigned to taxa using the fuzzy coding method. The

relative abundance of traits in the study river showed that very large body size

(>40–80 mm) macroinvertebrates dominated Stations 1 and 2 while large body

size (>20–40mm) dominated Station 3. The relative abundance of

macroinvertebrates possessing an integument for oxygen diffusion dominated

Station 4. The RLQ model showed that traits such as medium body size (>10–20

mm), gills as mode of respiration, and streamlined and spherical body shapes

were positively associated with Stations 1 and 2. Conversely, small (>5–10 mm)
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and very large (>40–80 mm) body sizes, spiracle: vegetative respiration using

plant stems, climbing mode of locomotion, and sprawling mode of locomotion

were positively associated with Stations 3 and 4. The fourth-corner test revealed

that macroinvertebrates with very small (<5mm) and medium body sizes

(>10–20 mm), spiracles mode of respiration and climbing mode of locomotion

were positively associated with at least one of the following physico-chemical

variables: 1) electrical conductivity [EC (mS cm−1)], 2) biological oxygen demand

[BOD5 (mg l−1)], 3) sulphate (mg l−1), 4) nitrate (mg l−1) and 5) phosphate (mg l−1).

These traits were classified as resilient traits to pollution in our study. On the

other hand, macroinvertebrates that possess gills and can swim actively were

positively associated with dissolved oxygen and were deemed vulnerable to

pollution. Based on our findings, we concluded that anthropogenic activities,

especial ly i l legal gold mining, al ter the distr ibut ion patterns of

macroinvertebrates traits and, in turn, the ecological balance of the ecosystem.

To forestall further damage to the ecological health of the River Chanchaga, the

government should regulate the activities of gold miners.
KEYWORDS

illegal gold mining, trait-based approach, RLQ and fourth-corner model, River
Chanchaga, Nigeria
Introduction

Africa harbors about a third of the world’s largest natural

resource reserves of gold and diamonds (African Union, 2009;

World Bank, 2017; Leuenberger et al, 2021). Mining these

minerals, especially gold, significantly affects the continent’s

economic development (Obiri-Yeboah et al., 2021). However,

illegal gold mining (e.g., mechanized mining and panning) is

rampant in most parts of Africa, including Nigeria, leading to

severe degradation of the natural environment, including rivers

and streams (Merem et al., 2017; Gbedzi et al., 2022). Illegal gold

mining activities often lead to tailings (mining wastes) and acid

mine drainage that have persistent negative environmental impacts

with alarming effects on environmental conditions (Merem et al.,

2017; Obiri-Yeboah et al., 2021).

In the last two decades, the economic value of gold has

skyrocketed, leading to intense global mining activities (World

Gold Council, 2012). Many of these mining activities involve

artisanal mining that sometimes requires intense manual labor

with zero to minimum involvement of mechanization and

minimal geological knowledge (Bester and Groenewald, 2021).

Because gold-seeking activities (including mining and panning)

are often operated illegally, there is little government oversight of

these activities. As a result of the lack of oversight by the

government, there is indiscriminate and uncontrolled discharge of

effluents containing high levels of acid and heavy metals such as

cyanides from mining sites into surface waters such as rivers and

streams. Apart from the impact these activities have on water

quality and biodiversity loss, the pollution by the illegal gold

mining poses health risks to the nearby communities, especially
02
the rural residents who depend directly on raw surface water for

their daily livelihood (Duncan, 2020).

In the North Central region of Nigeria, concerns about the

effects of anthropogenic activities, like illegal gold mining, on the

ecological integrity and aquatic communities (e.g., River

Chanchaga) have been raised by previous studies (Edegbene et al.,

2015; Keke et al., 2020). The River Chanchaga situated in the Lower

Niger-Benue ecoregion of Nigeria is a municipal river housing the

Niger State of Nigeria Water Board Authority. The river serves as a

source of irrigation, bathing, washing of household cooking

utensils, and car washing, as well as industrial activities, which

also contribute to the rising anthropogenic activities in the

catchment (Edegbene et al., 2015). The River Chanchaga also

serves as a source of potable drinking water for the households

within the river catchment yet serves as a point source of discharges

of domestic wastes including defecation and urination (Edegbene

et al., 2019). The River Chanchaga has been exposed to illegal gold

mining activities, negatively affecting the water quality and

ecological integrity of the river system, which in turn impacts

both the local human and invertebrate communities (Edegbene

et al., 2019). Despite the importance of the river and the continued

water quality degradation from anthropogenic activities, including

illegal gold mining, no studies have explicitly investigated the

impact of these human activities on ecological integrity and

macroinvertebrate communities in the river system. In some

reaches of the river, locals engaged in mining activities illegally

use small equipment for extracting gold from the river beds and

finalize their mining process by using hand pans to separate

sediments from gold. The mining activities have redirected the

instream flows of some sections of the stations (i.e., reaches) of the
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river, leading to reduced flow and accumulated sediments in the

affected reaches as well leading to a potential increase in heavy metal

concentrations. Further, the illegal gold mining activities have also

affected the vegetative covers, reduced the usability of the lands for

agricultural purposes, and increased soil erosions within the

river catchments.

In the past, efforts have been made to assess the ecological risks

of point source discharges and other anthropogenic influences, such

as mining activities, in a bid to characterize and manage the

gradient of pollution in African rivers using aquatic biota

(e.g., plankton, macroinvertebrates, and fish species; Zengeya

et al., 2013; Arimoro et al., 2014; M’kandawire et al., 2017; Ngole-

Jeme and Fantke, 2017; Ghali et al., 2020; Edegbene et al., 2022).

Consequently, aquatic invertebrates are one of the most explored

aquatic biota to assess the ecological integrity of freshwater

ecosystems of riverine systems (Mereta et al., 2013; Fierro et al.,

2017). In this regard, analyses and interpreting the differences in the

macroinvertebrate community indices, including traits between

impacted sites and reference conditions, are used to infer

anthropogenic disturbance (Ollis et al., 2006).

The use of macroinvertebrate traits is underpinned by the

premise that species respond to anthropogenic stressors including

illegal gold mining as a function of their adaptive features (Poff

et al., 2006). Thus, the distribution pattern of macroinvertebrate

communities in response to anthropogenic stress/pressure results

from the differential responses of certain trait combinations along

stress gradients (Edegbene et al., 2020a; Edegbene et al, 2021a;

Edegbene et al, 2021b; Ntloko et al., 2021). In this regard, the

implications of the combined effects of illegal gold mining and other

anthropogenic activities on biological communities may involve

altering the structural and functional ecology of macroinvertebrate

communities. Consequently, sensitive taxa of macroinvertebrates

such as Ephemeroptera, Plecoptera, and Trichoptera are expected to

disappear, while tolerant ones like Chironomidae and Oligochaeta

dominate polluted sites. However, trait assemblage and functional

diversity of macroinvertebrates may shift in their distribution

pattern in response to increasing potential illegal gold mining

activities and other anthropogenic stressors (Pallottini et al., 2017;

Desrosiers et al., 2019).

Although the use of traits is increasingly being developed and

applied in many parts of the world, including Africa (Edegbene

et al., 2020b; Ntloko et al., 2021; Pandey et al., 2022), the combined

effects of illegal gold mining and other anthropogenic activities on

macroinvertebrate assemblage and their traits have not been

explicitly investigated, especially in Africa. This current study

focusing on the distribution patterns of macroinvertebrate traits

in relation to illegal gold mining and other anthropogenic

influences will help to gain insight into how traits may confer

taxa resilience to these combined effects.

Based on previous studies conducted in other parts of the

world, we have developed several predictions for the impact of

anthropogenic activit ies , l ike il legal gold mining, on

macroinvertebrate traits. In the present study, we predicted that

illegal gold mining activities and other anthropogenic influences

would pattern the distribution of macroinvertebrate traits along a

pollution gradient, with trait combinations such as small body size
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(>5–10 mm), spiracle respiration, and streamlined body shape

(i.e., traits that confer species resilience to anthropogenic

disturbance) dominating the highly perturbed stations. Trait

combinations such as large body size (>20–40 mm), gills as the

mode of respiration, and climbing as the mode of locomotion that

are less adapted to depleted oxygen stream sites were assumed to

decrease with increasing pollution (with special reference to illegal

gold mining activities) at the highly polluted sites. To examine

these predictions, we i) determined the relative abundance of

macroinvertebrate traits in the stations sampled, ii) explored the

patterns of distribution of macroinvertebrate communities and

certain traits, iii) determined the responses of individuals with

traits to illegal gold mining and other anthropogenic activities by

correlating traits with physicochemical variables, and iv) visualized

the inter-trait and attribute association across the stations sampled.

Inter-trait association is the deployment of more than one trait

attribute by taxa to strengthen their survival rate in the face of

pollution. For instance, an organism that crawls may not be able to

escape pollution immediately but can survive if it possesses a

specialized breathing mechanism that will enable it to respire

atmospherically. We aim to add this study to the growing pool

of knowledge on trait-based biomonitoring globally, especially in

the Afrotropical region, where information on trait-based studies is

still rare.
Materials and methods

Study area and stations

The River Chanchaga is situated in the southern part of Niger

State, between latitudes 8°43′N–9°40′N and longitudes 6°12′E–
6°47′E. The river is approximately 215.61 km long, and it receives

its source from Mutundaya in Shiroro Local Government Area. It is

a municipal river with tributaries such as River Guduko, River

Gorax, and River Gbako (Figure 1). Further details about the study

area’s hydrology, climate, vegetation, and topography are contained

in Edegbene et al. (2019). In the present study area, illegal gold

mining activities are the core stressor in the River Chanchaga

(Edegbene et al., 2019). Other causes of water quality

deterioration in the area include domestic/household, industrial,

agricultural, and urban activities.

We marked out four study stations (i.e., reaches) for the present

study (Figure 1) using the degree of anthropogenic influences and

accessibility by the community. The first station is relatively

unperturbed, with sparsely distributed rural settlements and

forest-dominated land use, and is close to the river source

(Figure 2). The remaining three stations are subjected to either

one or all of the following stressors: illegal gold mining, industrial,

agricultural, and urban influences. Stations 3 and 4 are the most

perturbed stations, as illegal intensive gold mining activities,

agricultural activities, urban settlements, and the localization of

industries are expected within the catchments of these stations

(Figure 2). Further, the major Niger State Water Board Authority

plant is between Stations 3 and 4. The stations represent varying

levels of disturbance with Station 1 being the least disturbed and
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Station 3 being the most disturbed (Station 1: Zhabyala community

< Station 2: Tunga Waya community < Station 4: Korokpan

community < Station 3: Chanchaga community; Figure 1).

The descriptions of the four stations sampled are as follows.

1) Station 1: the station is relatively unperturbed, with sparely

distributed rural settlements and forest-dominated, and close to the

river source. The station was marked the control station, as it is

relatively unperturbed and hence the reference station in this study.

The riparian vegetation is mostly native. Here, the stream flows

through a dense canopy cover of bamboo trees (Bambusa sp.). The
Frontiers in Ecology and Evolution 04
stream bed is more sand, less mud, boulders, and cobbles. The

station is highly sinuous with a large portion of riffle and less of run

and pool microhabitats. 2) Station 2: subsistence farming activities

are practiced in this station. Farmers here engage in irrigation to

grow their crops. The common crops cultivated here include yam,

maize, melon, okra, and cowpea. In addition to crop cultivation,

cattle grazing, bathing, and washing with detergents are rampant in

this station. Illegal gold mining activities were not present at this

station. The riparian canopy is sparse with more shrubs and grasses,

which results in a year-round open canopy. The station is
Station/Reach 1

Station/ Reach 2

Station/ Reach 3 Station/ Reach 4
Locals engaging in illegal gold panning activities in a session of station/reach 3 Illegal gold panning point in station/reach 4

FIGURE 2

Pictures showing the four sampled stations and the highlights of the level of impact per station in the River Chanchaga, Niger State, Nigeria.
FIGURE 1

Map of the study area showing the locations of sampling stations on the River Chanchaga. This map has earlier been used in our published paper
Edegbene et al. (2023).
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dominated by a pool microhabitat, while the riffles and runs

biotopes are sparse. Due to the level of perturbation, the station is

prone to stormwater return flow resulting in erosion. The station

streambed consists more of mud and clay, with little sand, silt, and

cobbles. 3) Station 3: the station catchment is dominated by

residential buildings. Agricultural activities are very high. Local

illegal mining activities are carried out in most sections of the

station. Further, sand dredging, bathing, defecation, and washing of

cars, clothes, and other household items are among the numerous

anthropogenic activities occurring at this station. The stream bed

consists of sand, boulders, mud, stump of wood, and decaying

organic particles. The decayed organic matter is mainly at the

littoral zone of the station. The instream cover is relatively poor,

rendering the water body open. As we captured in the picture

during one of the sampling occasions, locals were carrying out

illegal gold mining (Figure 2). 4) Station 4: residential buildings are

also present in the station. Subsistence farms also dominate the

bank of the station. A very small section of the station is also a site

for illegal gold mining by the locals as can be seen in the picture

(Figure 2). The stream bed consists of boulders, sand, and mud. The

riparian vegetation is mostly mixed with taxa such as Mangifera

indica and Nuclea latifolia. The dominant riparian vegetation here

is N. latifolia (Rubiaceae).
Physicochemical variables and
macroinvertebrate sampling and analyses

The study was conducted for 14 months on four sampling

occasions between 2017 and 2018. The first sampling occasion was

from March to May 2017, and the second was from September to

December 2017. The third sampling was from January to March 2018,

and the fourth sampling occasion was from May to August 2018.

A total of 12 physicochemical variables were selected in the

course of this study: 1) air temperature (°C), 2) water temperature

(°C), 3) pH, 4) electrical conductivity [EC (mS/cm)], 5) flow velocity

(m/s), 6) water depth (m), 7) alkalinity (mg/l), 8) dissolved oxygen

[DO (mg/l)], 9) biological oxygen demand [BOD5 (mg/l)],

10) sulfate (mg/l), 11) nitrate (mg/l), and 12) phosphate (mg/l).

Water and air temperatures were measured using a mercury-in-

glass thermometer, and a multiprobe meter (HANNA HI 9828) was

used to measure DO, EC, and pH. Flow velocity was measured in

three replicates by timing a float as it moved over a distance of 10 m

with a stopwatch (Gordon et al., 1994). Water depth was measured

with a measuring rod. Water samples were collected in 1-l sample

bottles and analyzed for (BOD5), alkalinity, nitrate, sulfate, and

phosphate according to APHA (1998) methods. Analysis of all

samples commenced within 24 hours of sampling.

The collection of macroinvertebrate samples was performed by

kicking all represented biotopes per station, which include sand, gravel,

silt, clay, and flow regimes for a period of 3 minutes per biotope using

an 800-mm mesh-sized squared-frame net of 14.63 ft2 feet (1.36 m2)

along an approximately 25-m-long wadeable stretch of the river.

Macroinvertebrates were sorted in the field immediately after

sampling. Macroinvertebrates were then collected with forceps and

placed in sample bottles containing 70% alcohol for further
Frontiers in Ecology and Evolution 05
identification and reference at the laboratory. Macroinvertebrates

were identified using keys described by Cranston (2000) and Gerber

and Gabriel (2002), after which an abundance count was undertaken.
Selected traits

Four traits associated with physiology, morphology, and

behavior were carefully selected in this study: body size,

respiration, locomotion, and body shape traits. Respiration traits

are related to physiology, while body size and shape are related to

morphology. The mode of locomotion is related to behavior. The

selected traits were based on their link to anthropogenic pressures

such as sedimentation, stormwater return flow, and organic

pollution. These pressures are outcomes of industrial, agricultural,

urban, and mining activities (Akamagwuna et al., 2019; Edegbene

et al., 2021a; Matomela et al., 2021; Ge et al., 2022; Pandey et al.,

2022). For instance, body size has been linked with organic

pollution, and body shape with stormwater return flow, while

body shape and respiration are linked to sedimentation (Ding

et al., 2017; Desrosiers et al., 2019; Edegbene et al., 2021a). The

selected traits and their linkages with the mentioned stressors had

also earlier been used in previous studies to assess the effect of

agriculture, urban, and industrial disturbances on the ecological

health of aquatic ecosystems (e.g., Chevene and Dolédec, 1994;

Akamagwuna et al., 2019; Edegbene et al., 2020a; Akamagwuna

et al., 2021; Edegbene et al., 2021b; Ntloko et al., 2021; Edegbene and

Akamagwuna, 2022; Ge et al., 2022; Pandey et al., 2022). We

categorized the four trait classes into 19 trait attributes, attribute

codes, and predicted responses to potential disturbances with a

special focus on their responses to illegal gold mining activities

(Table 1). We selected five body size trait attributes: 1) very small,

2) small, 3) medium, 4) large, and 5) very large (Table 1). We

selected four respiration trait attributes: 1) biological gills,

2) integument, 3) cuticular respiration (cutaneous), and

4) spiracle respiration (spiracle: use of siphon and spiracle:

vegetative). In the following paragraph, we highlighted some

breathing (respiration) mechanisms exhibited by aquatic insects.

Biological gill respiration entails mainly the use of two processes

in breathing: plastron and bubble (Balmert et al., 2011). Plastron is a

series of hairlike bumps on the surface of the gill of an aquatic insect

body surface, which traps oxygen against the body of insects

(Watson et al., 2017). Some taxa in order Gerridae are examples

of insects that make use of plastron for trapping oxygen from the

aquatic environment. In addition to the possession of plastron,

some insect taxa also form oxygen bubbles, which they carry under

the water in a bid to maintain their oxygen balance in the face of

depleting concentrations of dissolved oxygen in a water system

(Hershey et al., 2010). By carrying an oxygen bubble, some

Belostomatidae can dive and remain underwater in a range of

water qualities. Cuticular respiration (integument/cutaneous) is a

passive form of respiration used by some smaller-bodied insect

larvae (Buck, 1962). Examples are some taxa in the order Diptera

(e.g., Chironomidae, Culicidae, and some other midges). In general,

Chironomidae larvae respire through cuticular absorption, but

some have red blood cells that enable them to remain in very low
frontiersin.org
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dissolved oxygen waters by increasing blood oxygen concentration

with red blood cells. Oxygen enters the trachea of insects either

through the use of an oxygen bubble (e.g., Belostomatidae) or

through a spiracle that functions like a snorkel. The spiracle

absorbs oxygen either directly from the atmosphere as the insect

hangs at the water surface (e.g., Culicidae) or by puncturing an

underwater plant stem and using a spiracle to absorb oxygen

through the plant aerenchyma (e.g., Elmidae).
Fuzzy coding of macroinvertebrate
trait attributes

We used the fuzzy coding system to describe the link between a

taxon and each trait attribute. The system uses affinity scores that
Frontiers in Ecology and Evolution 06
account for functional differences between members of the same

family and different life stages within a taxon (Chevene and

Dolédec, 1994; Edegbene et al., 2021a). Hence, in the present

study, fuzzy coding was performed at the macroinvertebrate

family level (see Table S1). The fuzzy affinity scores of 0–5 were

used in the current study, and fuzzy scores of 0–5 have been said to

account for potential variability that may exist among genus/species

with a given family, as the fuzzy codes (scores) were applied at the

family level of the macroinvertebrates sampled (Chevene and

Dolédec, 1994; Edegbene et al., 2021a). Therefore, scores 0, 1, 3,

and 5 denote no, low, moderate, and high affinities, respectively

(Chevene and Dolédec, 1994).
Data analyses

Visualizing the distribution patterns of
trait-based community responses to
anthropogenic influences along the four
sampled stations

To analyze the distribution patterns of the responses of trait

communities to stressors at the four sampled stations over the study

period, we pooled macroinvertebrate taxa at each station together,

resulting in taxon–station information for the entire study period.

We created a table that contains trait–taxon with trait attributes

coded for each taxon (Table S1). Then, we multiplied the trait–

taxon matrix by the abundance of each macroinvertebrate family

per season for the entire study period containing trait–station

information as described in Tomanova et al. (2008) and recently

used by Edegbene et al. (2021b). The abundance of each trait

attribute within each station was then transformed into relative

abundance (Tomanova et al., 2008).

Our preliminary analyses visualized the distribution patterns of

trait-based community responses to anthropogenic influences among

the four sampled stations using bar charts. The bar charts were plotted

using the trait attributes relative abundance transformation.
Responses of macroinvertebrate trait
attributes to anthropogenic influences:
identifying and classifying vulnerable and
resilient traits

We further confirmed the distribution patterns and responses of

selected trait attributes to anthropogenic influences by employing

multivariate approaches and procedures known as RLQ and fourth-

corner analyses developed by Dolédec et al. (1996). RLQ is an

ordination procedure with multiple tests embedded in one single

analysis, and it performs ordination analyses on three matrices,

namely, R (physicochemical variables), L (macroinvertebrate taxon

abundance), and Q (trait attributes of macroinvertebrates). Further,

we tested the significance level of the first two RLQ axes using the

Monte Carlo test at 999 permutations. In determining the

relationship between each trait attribute and the analyzed

physicochemical variables in the current study, we used the
TABLE 1 Macroinvertebrate selected trait classes and trait attributes
(with code) used in the current study.

Trait class/attributes Code Predicted response
to disturbance

Body size (mm)

Very small (≤5) A1 +

Small (>5–10) A2 +

Medium (>10–20) A3 ±

Large (>20–40) A4 −

Very large (>40–80) A5 −

Respiration

Biological gills B1 −

Integument B2 +

Cuticular respiration (cutaneous) B3 +

Spiracle respiration (spiracle: use of
siphon and spiracle: vegetative)

B4 +

Locomotion

Climber C1 +

Crawler C2 −

Sprawler C3 ±

Swimmer C4 −

Skater C5 −

Burrower C6 ±

Body shape

Streamlined D1 +

Flattened D2 +

Spherical D3 −

Cylindrical D4 −
The predicted responses of traits to disturbance were defined following existing literature
(Edegbene et al., 2021a; Ge et al., 2022; Pandey et al., 2022), where + means the positive
response of trait attribute to disturbance, − means the negative response of trait attribute to
disturbance, and ± means the variable response of trait attribute to disturbance.
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fourth-corner test to visualize whether a given trait attribute

correlates positively or negatively to single or multiple

physicochemical variables (Brown et al., 2014). We performed

RLQ and fourth-corner tests using version 2.5.4 of the ade4

package within the R programming language (Dray and Dufour,

2007; Oksanen et al., 2019; R Core Team, 2020).

In classifying macroinvertebrate traits based on their

vulnerability and resilience to anthropogenic influences, we

followed the recent thinking of Edegbene et al. (2021a) and

Edegbene et al. (2021b). For instance, we classified traits that

associated positively with Stations 3 and 4 on the RLQ ordination

and correlated negatively with increased DO or correlated positively

with any three of EC, BOD5, and nutrients on the fourth-corner test

as resilient traits to anthropogenic influences (e.g., illegal gold

mining). However, we classified traits that associated positively

with Station 1 on the RLQ ordination and correlated negatively with

increased DO or positively correlated with any three of EC, BOD5,

and nutrients or correlated positively with increased DO on the

fourth-corner test as vulnerable traits to anthropogenic influences

(e.g., illegal gold mining).
Visualizing macroinvertebrate inter-trait
and attribute association across the
sampled stations

Finally, cluster analysis based on the Bray–Curtis similarity was

performed to elucidate the pattern of inter-trait and attribute

association among the taxa of macroinvertebrates. Box plots were

used to visualize the variation of the relative abundances of

macroinvertebrates in each identified trait cluster across the four

sampled stations. Cluster analysis was selected to elucidate inter-

trait and attribute association because it is a multidimensional

representation (Poff et al., 2006; Edegbene et al., 2021a , Edegbene

et al., 2021b). The Kruskal–Wallis multiple comparison tests were

also used to ascertain whether the relative abundances of

macroinvertebrates in each trait cluster showed whether trait

combinations differed significantly among the sampling stations.

Cluster analysis was undertaken using the paleontological statistical

software (PAST; Hammer et al., 2001), while the box plot was

plotted using Statistica version 12 (Tibco Software, 2020).
Predictive performance of the variation in
the taxa and trait responses to
physicochemical variables among the four
stations sampled

In order to determine the relationships among taxa, traits, and

physicochemical variables, we performed a linear regression by

employing two model approaches: taxa * environmental

(physicochemical variables) and traits * environmental

(physicochemical variables). Variation was computed as a

measure of predictive performance based on the ratio of deviance
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(R2) at 95% confidence level (Hui et al., 2013; Brown et al., 2014).

This model was constructed in PAST (Hammer et al., 2001).
Results

Visualizing the distribution patterns of
trait-based community responses to
anthropogenic influences along the four
sampled stations

The present study recorded 36 macroinvertebrate taxa

(families) within eight orders/classes. Diptera was the most

represented family with eight taxa, followed by Hemiptera (seven

taxa). Odonata was represented by five taxa, while Coleoptera,

Ephemeroptera, and Trichoptera were represented by four taxa

each. Three and one taxa represented Oligochaeta and Mollusca,

respectively (Table S1). We assigned 19 trait attributes to the 36

macroinvertebrate taxa (families) across the four stations sampled

(Table S1).

The patterns of distribution of traits and attributes in the sampled

stations are presented in Figure 3. The relative abundance of

macroinvertebrates that have very large body sizes (>40–80 mm) was

higher in Stations 1 and 2, and that of large body sizes (>20–40 mm)

dominated Station 3 (Figure 3A). Station 4 was dominated by

macroinvertebrates with small body sizes (>5–10 mm), as they had

the highest macroinvertebrate relative abundance (Figure 3A). The

relative abundance of macroinvertebrates that have very large body

sizes was the lowest in Station 4 (Figure 3A). The majority of the body

size traits showed a marked distribution pattern among the four

sampled stations. For instance, very large body size decreases

markedly from Stations 1 to 4 (Figure 3A).

The relative abundance of macroinvertebrates using cuticular

respiration and those using spiracles to respire was the highest in

Station 4. The relative abundance of macroinvertebrates with the

gill trait was the highest in Station 1 compared to the remaining

three stations. Gills decrease markedly from Stations 1 to 4, and

spiracle respiratory systems increase from Stations 1 to 4

(Figure 3B). Of the six locomotion trait attributes analyzed, the

relative abundance of macroinvertebrates that are climbers was

higher in Stations 2 and 3. At the same time, skaters and burrowers

dominated Stations 1 and 4, respectively, with the highest

relative abundance (Figure 3C). The relative abundance of

macroinvertebrates that are skaters decreases sharply from

Stations 1 to 4, and that of burrowers decreases significantly from

Stations 1 to 4 (Figure 3C). Macroinvertebrate taxa with climbing as

the mode of locomotion and crawling showed no particular

distribution pattern, as they decreased slightly from Stations 1 to

3 and then increased slightly in Station 4 (Figure 3C). The relative

abundance of macroinvertebrates with streamlined body shapes was

the highest in Station 1, and that of cylindrical body shapes was the

highest in Station 4 (Figure 3D). Streamlined and flattened body

shapes decreased from Stations 1 to 4, while spherical and

cylindrical body shapes decreased markedly from Stations 1 to 3

and then increased in Station 4 (Figure 3D).
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The result of our subsequent analysis to ascertain and confirm the

patterns of distribution of macroinvertebrate traits using RLQ revealed

that Axes 1 and 2 accounted for 72.02% and 13.58%, respectively, of the

total variance in the RLQ ordination. Hence, the cumulative variance of

the first two axes of the RLQ was 85.6%, indicating that the RLQ

ordination was good. The eigenvalues of Axes 1 and 2 were 2.4 and
Frontiers in Ecology and Evolution 08
1.03, respectively. Axis 1 of the RLQ ordination enabled the distinction

of the less perturbed Stations 1 and 2 from the relatively perturbed

Stations 3 and 4 (Figure 4). In the first Axis 1 of the RLQ, traits such as

medium body size, gills, swimming as a mode of locomotion, and

streamlined and spherical body shapes were positively associated with

Stations 1 and 2 (Figure 4). These trait attributes were represented by
FIGURE 4

RLQ ordination visualizing the distribution of macroinvertebrate traits and taxa in relation to stations sampled. Abbreviations: Months: Ja (January),
Fe (February), Ma (March), Ap (April), My (May), Jn (June), Ju (July), Au (August), Sp (September), Oc (October), No (November), and De (December).
Stations: S1 (Station 1), S2 (Station 2), S3 (Station 3), and S4 (Station 4). Sampling years: 17 (2017) and 18 (2018). Traits: Body size: A1 (very small),
A2 (small), A3 (medium), A4 (large), and A5 (very large). Respiration: B1 (gill), B2 (integument for oxygen diffusion), B3 (spiracle: hanging at the water
surface using a siphon to obtain oxygen), and B4 (spiracle: vegetative respiration using plant stems to obtain oxygen). Locomotion: C1 (climber),
C2 (crawler), C3 (sprawler), C4 (swimmer), C5 (skater), and C6 (burrower). Body shape: D1 (streamlined), D2 (flattened), D3 (spherical), and
D4 (cylindrical). Taxa: Coe (Coenagrionidae), Les (Lesticidae), Aes (Aeshnidae), Gom (Gomphidae), Lib (Libellulidae), Dyt (Dytiscidae), Gyr (Gyrinidae),
Hyd (Hydrophilidae), Elm (Elmidae), Bel (Belostomatidae), Nau (Naucoridae), Nep (Nepidae), Ple (Pleidae), Ger (Gerridae), Cor (Corixidae),
Not (Notonectidae), Psy (Psychodidae), Chi (Chironomidae), Tip (Tipulidae), Cul (Culicidae), Sry (Syrphidae), Tab (Tabanidae), Ath (Athericidae),
Cer (Ceratopogonidae), Hep (Heptageniidae), Cae (Caenidae), Bae (Baetidae), Lep (Leptophlebiidae), Hyp (Hydropsychidae), Hyl (Hydroptilidae).
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FIGURE 3

Relative abundance of macroinvertebrates in each of the analyzed body size (A), respiration (B), locomotion (C), and body shape (D) trait attributes at
the four sampling stations in the River Chanchaga during the study. St1, Station 1; St2, Station 2; St3, Station 3; St4, Station 4.
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Caenidae, Gerridae, Naididae, Coenagrionidae, Belostomatidae,

Gomphidae, Elmidae, Aeshnidae, Dytiscidae, and Heptagenidae

(Figure 4). Equally, small and very large body sizes, spiracle

respiration, climbing as the mode of locomotion, sprawling as the

mode of locomotion, and cylindrical body shapes were associated

positively with the perturbed Stations 3 and 4 (Figure 4). These traits

were represented most by tolerant macroinvertebrate taxa such as

Chironomidae, Dugesiidae, Planorbidae, Syrphidae, and

Ceratopogonidae (Figure 4).
Responses of macroinvertebrate trait
attributes to anthropogenic influences:
identifying and classifying vulnerable and
resilient traits

Of the 19 macroinvertebrate trait attributes evaluated, the result of

the fourth-corner test revealed that five trait attributes were positively

correlated with at least one of the pollution-indicating physicochemical

variables (EC, BOD5, sulfate, nitrate, and phosphate). The trait

attributes were as follows: 1) small body size, 2) medium body size,

3) spiracle respiration, and 4) climbing as the mode of locomotion

(Figure 5). Further, the gill and swimming as a mode of locomotion

were positively associated with increasing DO concentration (Figure 5).

Therefore, in determining the responses of macroinvertebrate trait

attributes to anthropogenic influences to identify and classify

vulnerable and resilient traits, we pointed out traits that were either

positively or negatively correlated with some of the 12 selected

physicochemical variables. Thus, traits that either correlated

positively with increasing DO concentration or negatively with any

three of the pollution-indicating physicochemical variables (EC, BOD5,

sulfate, nitrate, and phosphate) were deemed vulnerable traits to

anthropogenic influences. The traits are medium body size, gill

respiration, and swimming as a mode of locomotion (Figure 5).

However, very small and very large body sizes, integument

respiration, spiracle respiration, and climbing as the mode of
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locomotion were identified and classified as resilient traits to

anthropogenic influences, as they either correlated positively to at

least three of the pollution indicating physicochemical variables or

correlated negatively to increasing DO concentration (Figure 5).
Visualizing macroinvertebrate inter-trait
and attribute association across the
sampled stations

We performed a cluster analysis to visualize the inter-trait and

attribute association across the four sampled stations. The cluster

analysis showed a similarity value greater than 0.84 (0.84%), with

four distinct clusters of inter-trait co-occurrence (Table 2; Figure 6).

The four trait classes evaluated were represented in the first cluster. The

represented trait attributes are very large body size, flattened and

streamlined body shapes, gill respiration trait, and swimming mode

of locomotion (Table 2; Figure 6). The relative abundance of

macroinvertebrates exhibiting these traits in cluster 1 was higher in

Station 1 than in the remaining stations (Figure 7). Cluster 2 traits

consist of only the respiration trait class, and the trait attributes were

cuticular respiration and spiracle respiration traits (Table 2; Figure 6).

The relative abundance of macroinvertebrates in the second cluster

decreased slightly from Stations 1 to 3 but increased markedly in

Station 4 (Figure 8). Station 4 had the highest relative abundance of

macroinvertebrate composition based on the mode of respiration

association in cluster 2 and showed no significant differences among

the four sampled stations (Figure 8). Cluster 3 had the highest trait class

association with eight attributes (Table 2; Figure 6). This cluster is a

mixture of all trait classes except the mode of respiration. Most of the

trait attributes were related to body size (very small, small, medium,

and large body sizes). Locomotion and body shape traits classes had

two representatives each. Climbing as the mode of locomotion and

crawling as the mode of locomotion were the representatives of

locomotion traits, while spherical and cylindrical body shapes were

the representatives of body shape traits. Cluster 3 had the highest
FIGURE 5

Fourth-corner analysis explaining the relationship between macroinvertebrate traits and physicochemical variables. Traits: Body size: A1 (very small),
A2 (small), A3 (medium), A4 (large), and A5 (very large). Respiration: B1 (gill), B2 (integument for oxygen diffusion), B3 (spiracle: hanging at the water
surface using a siphon to obtain oxygen), and B4 (spiracle: vegetative respiration using plant stems to obtain oxygen). Locomotion: C1 (climber),
B2 (crawler), B3 (sprawler), C4 (swimmer), C5 (skater), and C6 (burrower). Body shape: D1 (streamlined), B2 (flattened), D3 (spherical), and
D4 (cylindrical). Physicochemical variables: Air Temp (air temperature) Wat Temp (water temperature), EC (electrical conductivity), Wat Dep (water
depth), Flow Vel (flow velocity), DO (dissolved oxygen), BOD (biochemical oxygen demand), Sul (sulfate), Nit (nitrate), and Phos (phosphate). Note
that blue boxes indicate a significant negative correlation (p ≤ 0.05), and red boxes indicate a significant positive correlation (p ≤ 0.05).
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relative abundance of the traits association in Station 1 and changed

intermittently from Stations 2 to 4 (Figure 9). Cluster 4 had only two

trait attributes representing only locomotion trait classes, namely,

sprawling and burrowing as modes of locomotion (Table 2;

Figure 6). The relative abundance of the locomotion trait in cluster 4

showed nomarked difference (Figure 10). Among all the biological trait

classes analyzed, only one did not form any of the four identified

clusters: skating as a mode of locomotion.
Predictive performance of the variation in
the taxa and trait responses to
physicochemical variables among the four
stations sampled

Among the four stations sampled in the course of the study, the

trait model was a significantly better fit in all the stations except for
Frontiers in Ecology and Evolution 10
Station 4 with a proportionately better fit for taxa than traits

(Figure 11). There were no significant differences between the

taxa and trait models among the four stations (p > 0.05) except

for Station 4, which was different in the taxa model (p = 0.044, p <

0.05; Figure 11).
Discussion

The present study explored the potential responses of

macroinvertebrate traits to illegal gold mining activities. We observed

that illegal gold mining and other human activities impacted vegetation

cover and instream flows at the affected stations and, in turn,

influenced the distribution patterns of macroinvertebrate traits in the

riverine system. In earlier studies, the combined effects of

anthropogenic influences of industrial, agricultural, and urban

activities have been noted to constitute grave implications on the

structural (taxa) and functional (traits) assemblages of freshwater

systems (Garba et al., 2022; Ge et al., 2022; Pandey et al., 2022). This

study’s results showed that anthropogenic influences most especially

illegal gold mining activities are major drivers that pattern the

structural and functional assemblages of the Chanchaga river system.

Our predictions were largely supported by the illegal gold mining and

other anthropogenic activities in the surrounding catchment

influencing the distribution pattern of macroinvertebrate traits along

a pollution gradient. For example, macroinvertebrate traits displayed

differential associations with the study area’s highly disturbed and

reference stations, with pollution-tolerant and pollution-vulnerable

traits being identified. Similar studies have shown that anthropogenic

activities threaten macroinvertebrates’ functional assemblages and

phylogeny in riverine systems (Ge et al., 2022). Furthermore, the

result from the distribution pattern of macroinvertebrates taxa, as

revealed from the RLQ model, agrees with previous studies that

reference stations favor pollution-sensitive taxa (e.g., Caenidae,

Gerridae, Dytiscidae, and Elmidae), whereas the impacted stations

harbor more pollution-tolerant macroinvertebrate taxa such as

Chironomidae, Dugesiidae, Planorbidae, and Syrphidae (Arimoro

et al., 2015; Edegbene et al., 2015; Li et al., 2019; Edegbene, 2020;

Garba et al., 2022; Ge et al., 2022).
FIGURE 6

Dendrogram of cluster analysis based on Bray–Curtis similarity index showing inter-trait and attribute groupings in the River Chanchaga during the study period.
TABLE 2 The four distinct clusters of macroinvertebrate inter-trait and
attribute clustering at >0.84 (84%) Bray–Curtis similarity in the River
Chanchaga based on the dendrogram in Figure 5.

Cluster Trait class

1 A5 (Very large, >40–80 mm)
D2 (Flattened)
B1 (Biological gills)
C4 (Swimmer)
D1 (Streamlined)

2 B2 (Integument)
B3 (Cuticular respiration (integument/cutaneous))
B4 (Spiracle respiration (spiracle: use of siphon and spiracle:
vegetative))

3 A3 (Medium, >10–20 mm)
C2 (Crawler)
A4 (Large, >20–40 mm)
D3 (Spherical)
C1 (Climber)
A2 (Small, >5–10 mm)
D4 (Cylindrical)
A1 (Very small, ≤5 mm)

4 C3 (Sprawler)
C6 (Burrower)
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Macroinvertebrate traits such as medium body size, gill

respiration, and swimming as a mode of locomotion were

associated with Station 1 on the RLQ and were either positively

correlated with DO or negatively correlated with any EC, BOD5,

nitrate, phosphate, and sulfate. Studies have shown medium-body-

sized macroinvertebrates to dominate less perturbed sites (e.g.,

Edegbene et al., 2021b; Pandey et al., 2022). For instance, Pandey

et al. (2022) recently reported the dominance of macroinvertebrate

taxa with medium and large body sizes in an undisturbed site, which

they ascribed to the fact that relatively undisturbed or pristine

environments support more long-lived and large carnivorous taxa.

Other studies have also reported a similar pattern of distribution of

large-bodied macroinvertebrate taxa (e.g., Pil´o et al., 2016; Kenny

et al., 2018; Hu et al., 2019). The dominance of medium-body-sized

macroinvertebrates in the reference station also agreed with the

River Habitat Template Concept (RHTC; Townsend and Hildrew,

1994) that large-bodied organisms associated more with the less-

disturbed environment.

Previous studies have reported macroinvertebrates that

obtained DO using gills to be highly sensitive to clogging in the

face of organic pollution (Bilotta and Brazier, 2008; Akamagwuna

et al., 2019). The vulnerability offilamentous gills to clogging by fine

sediments may explain the negative associations of gill breathers to

the highly disturbed stations and their dominance in the reference

stations observed in this study. Nevertheless, although clogging can

hinder the ability of gill-breathing macroinvertebrates to dwell in

relatively unperturbed sites, some macroinvertebrate taxa in the

Order Hemiptera (e.g., Gerridae and Belostomatidae) exhibited

positive associations with Station 1 (the reference/control station)

in this study. This trend may be attributed to the fact that they have

the ability to carry air bubbles and plastrons to dive using their

spiracle respiration mechanism.

Locomotion is an important trait that could enable an organism

to seek refuge in the face of increasing disturbance (Ladle and Ladle,

1992). In our study, the relative abundance of locomotion traits,

such as swimmers and skaters, decreased in the impacted stations.

Therefore, taxa with active swimming abilities probably moved to

the less-impacted stations during increased pollution, reflecting

their adaptive potential and deteriorating water quality in the

Chanchaga river system. Similarly, other studies have revealed

that modes of locomotion (e.g., crawling, swimming, skating,
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sprawling, climbing as the mode of locomotion, and burrowing)

significantly correlate with stressors (Ward et al., 2013; Pandey

et al., 2022). In this study, swimming and climbing as the mode of

locomotion traits were considered vulnerable to pollution.

However, the classification of the swimming mobility trait as

vulnerable to pollution is contrary to recent reports that classified

swimming as a mode of locomotion to be tolerant to organic

pollution (Pandey et al., 2022). The disparate responses of

mobility traits may be attributed to or affirm our assertion of the

concept of trait syndrome, as, ordinarily, organisms that are

swimmers can swim away from perturbed sites (Edegbene et al.,

2021b). However, our classification of swimming as a mode of

locomotion as a vulnerable trait agrees with Wilkes et al. (2017),

who classified swimmers as sensitive to pollution.

Our results showed that very-small- and very-large-body-sized

traits are resilient to pollution. The association of very small body

size to impacted stations and their resultant positive correlation

with pollution indicating physicochemical variables (e.g., EC,

BOD5, and nutrients) is in line with the prediction of Townsend

and Hildrew (1994), known as the RHTC. They asserted that small-

body-sized organisms undergo rapid population growth and short

generation time, producing many offspring per reproductive event,

which confers resilience and resistance to pollution. Other studies

have reported similar findings (e.g., Serra et al., 2017; Castro et al.,

2018). However, very-large-body-sized taxa were also resilient to

pollution. This finding agrees with Odume (2020), who identified

large-body-sized organisms as potentially tolerant traits of urban

pollution. However, other studies have reported contrary findings

(e.g., Pil´o et al., 2016; Kenny et al., 2018; Edegbene et al., 2021b;

Pandey et al., 2022). As reported by various studies, these

inconsistencies in trait response to pollution can also be linked to

trait syndrome, as we stated earlier. In this study, most of the large-

body-sized macroinvertebrate taxa (e.g., Planorbidae and

Dugesiidae) were associated with Station 4 (one of the heaviest

impacted stations) on the RLQ and negatively correlated with DO

on the fourth-corner test.

We found out that macroinvertebrates possessing spiracles

increased markedly in relative abundance in Station 4. This

confirmed the assertion by Statzner and Bêche (2010), who

opined that the possession of spiracles and other specialized

breathing techniques (breathing tube and straps/other apparatus,
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FIGURE 7

Relative abundance of macroinvertebrate inter-traits and attributes in cluster 1 based on the dendrogram in Figure 6.
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e.g., elytra) is an adaptive mechanism for obtaining atmospheric

oxygen in a dissolved oxygen-deficient environment, as organisms

possessing such traits become less reliant on dissolved oxygen

concentration. Further, organisms that exhibit spiracle respiration

increased in Stations 3 and 4. This may be attributed to warmer

temperatures due to the exposed nature of the stations all year
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round. Diaz et al. (2008) reported the dominance of some

Coleoptera and Diptera, which respire aerially and dwell in a

polluted environment. In this current study, the dominance of

Diptera (e.g., Culicidae) in Stations 3 and 4, as revealed by the RLQ

model, may also be attributed to the increased breathing by spiracle:

vegetative respiration mechanism. Hence, we classified spiracle:
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FIGURE 8

Relative abundance of macroinvertebrate inter-traits and attributes in cluster 2 based on the dendrogram in Figure 6.
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Relative abundance of macroinvertebrate inter-trait and attributes in cluster 3 based on the dendrogram in Figure 6.
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FIGURE 10

Relative abundance of macroinvertebrate inter-traits and attributes in cluster 4 based on the dendrogram in Figure 6.
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vegetative respiration method traits as pollution-resilient traits,

contrary to our predicted response of the trait attributed

to pollution.
Conclusion

Our study showed that illegal gold mining and other

anthropogenic activities in the surrounding catchment negatively

affected trait combinations expressed by macroinvertebrates in the

River Chanchaga. Trait combinations such as medium body size,

gills and spiracle respiration, and streamlined and spherical body

shapes were positively associated with Stations 3 and 4, the

impacted stations. These traits were considered pollution-tolerant,

as they also showed positive associations with increasing electrical

conductivity, biological oxygen demand, sulfate, nitrate, and

phosphate. Overall, traits such as small and large body sizes,

climbing as the mode of locomotion, sprawling as the mode of

locomotion, and cylindrical body shape were adjudged to reflect the

potential impact of illegal gold mining in the affected Stations 3 and

4 due to their positive association with these stations, as revealed by

the RLQ model. However, based on the fourth-corner test we

conducted, these traits either correlated positively to increased

dissolved oxygen concentration or correlated negatively with

increasing nutrient variables; hence, they were deemed vulnerable

traits. The results of this study provided further insights and data

on the growing literature on trait-based biomonitoring of

anthropogenic pollution arising mainly from gold mining

activities; this information can contribute to the development of

local trait-based tools in the region. However, we suggest caution be

applied in interpreting trait responses to stressors, as limited

seasonal data were used. Also, attention should be given to trait

co-occurrence and correlation vis-à-vis trait syndrome when

analyzing trait response to stressors such as illegal gold mining

activities. We, therefore, recommend that further studies should be

conducted that will collect more environmental variables including

heavy metals, which are among the determining variables of gold

mining pollution across large spatial and time scales, to extrapolate

our findings further.
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