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ABSTRACT 

Parasites, given their crucial roles in ecosystems, have gained increasing attention as indicators of 

ecosystem health. Despite their ecological relevance, there is still limited understanding of how 

parasite communities respond to environmental change over time. This hinders the development 

and implementation of targeted parasite conservation strategies, thereby contributing to parasites 

remaining among the most threatened and underprotected animal groups worldwide.  

Anthropogenic pressures and environmental changes are altering ecosystems at an accelerating 

pace, which may have far-reaching consequences for both parasite populations and their 

ecosystem services. We used natural history collections to reconstruct changes in parasite 

abundance, species richness, and gill microhabitat distribution between 1978 and 2011 in six 

haplochromine cichlid fish hosts from Lake Victoria (Eastern Africa). Since the 1980s, Lake 

Victoria has undergone severe environmental degradation due to anthropogenic activities and 

climate change, leading to significant biodiversity loss, including the extinction of half of the 

haplochromine cichlid species. Our results indicate that parasite populations are negatively 

impacted by (human-induced) environmental changes and mirror the health status of the 

ecosystem: both parasite abundance and species richness per host individual significantly declined 

during the perturbed period across all studied parasite taxa, but showed signs of improvement 

during the recovery period. However, gill microhabitat distribution showed no significant change 

over time. These findings contribute to our understanding of parasite dynamics in times of global 

change and underscore the urgent need to develop and implement effective parasite conservation 

strategies to prevent further losses in parasite biodiversity and the ecological functions they 

support. 

 

 

INTRODUCTION 

 

Parasites have gained significant attention 

as indicators of various aspects of ecosystem 

health, such as ecosystem productivity, 

biodiversity, and resilience (1). This is due to 

the key roles parasites play within ecosystems, 

including serving as important components of 

food webs (e.g., increasing food web 

connectivity and stability; (2,3), influencing 
competitive and trophic interactions between 

species (1), and regulating energy fluxes (1,4).  

 

 
 

 

A diverse parasite community therefore reflects 

healthy ecosystems (1). The use of parasites in 

biological monitoring programs has recently 

received considerable interest, owing to their 

potential to serve as biological indicators of 

pollution and their ability to provide 

information about their hosts. For example, 

parasites have demonstrated their utility in 
previous studies by identifying the origin of 

invasive host species (5), serving as indicators 

of climate change (6), assessing environmental 
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quality (2), and acting as biological warning 

indicators of major threats (climate change, 

overexploitation, habitat loss and 

fragmentation, invasive species) to global 

biodiversity (7). Despite their vital 

contributions to ecosystems and their role as 

biological monitoring agents, parasites remain 

among the most threatened and underprotected 

animals on Earth. The decline and extinction of 

parasites can have far-reaching effects on both 

ecosystems and populations (7,8). Carlson et al. 

(2020) highlighted that the lack of detailed 

descriptions of parasites and their biodiversity 

hinders their effective integration into broader 

biodiversity conservation efforts, leaving 

protection as more of a theoretical concept than 

a practical reality (8). A critical data gap is the 
lack of information on how parasites are 

affected by changing environments due to 

anthropogenic perturbations, as well as the 

potential consequences this may have on 

ecosystems (4,8). 

 

We expect parasites to be significantly 

influenced by environmental changes, with the 

direction (negative or positive) of the impact 

varying across different taxa (9–14). For 

example, it has been indicated that parasite 

groups vary considerably in their sensitivity to 

specific types of pollution, and that even within 

a single study, the effects of environmental 

factors on parasite abundance can vary 

depending on the parasite taxa involved (9,15). 

This variability in response can be explained by 

variation in how parasite taxa cope with 

pollution. Some parasite taxa can act as 

pollution or toxin sinks by accumulating 

contaminants from their host, which enables 

them to reduce their host's exposure to toxins—

thereby indirectly benefiting the parasite by 

enhancing host survival (13). Additionally, the 

life cycle of the parasite can influence how 

sensitive they are to environmental changes. It 

is expected that the more complex the life cycle 

and the more hosts required, the more 

vulnerable the parasite is (14). Besides 

pollution, temperature changes due to climate 

change can also indirectly affect parasites by 

altering host distribution, density, physiology, 

and immune defenses. These changes may 

modify parasite transmission, resulting in 

positive, negative, or neutral net effects on 

parasite abundance, depending on the parasite 

taxa (14,16,17). While these findings provide 

valuable insights, they often focus on the effect 

of only one environmental factor on one or few 

parasite species, resulting in a lack of a holistic 

view of how the combination of anthropogenic 

changes affects parasite communities within an 

ecosystem. 

 

To address this gap, recent studies have 

aimed to reconstruct the effects of 

anthropogenic changes on parasite communities 

by relying on existing databases through meta-

analysis (15,18–22). However, meta-analyses 

are susceptible to literature bias (18) and 

constrained by the availability of data in the 

literature, with limited sources extending 

beyond a time span of 50 years (19). Moreover, 

the temporal resolution of parasitological data 

from the literature remains an obstacle, 
restricting our ability to detect small-scale 

fluctuations in parasite communities over time. 

These limitations can be addressed by utilizing 

natural history collections as a resource for 

studying long-term changes in parasitism (19). 

Fluid-preserved biological host specimens 

contain the parasites that infected the hosts at 

the time of their preservation (14,19). Since 

these collections extend further (early 20th 

century) back in time compared to the data 

available in the literature, they provide a unique 

source of information enabling researchers to 

reconstruct parasite community changes over 

both broad time span and fine-resolution 

timescale (8,14,19). 

We reconstructed changes in parasite 

abundance, species richness, and gill 

microhabitat distribution between 1978 and 

2011 in six haplochromine cichlid fish hosts 

from Lake Victoria, East-Central Africa. Lake 

Victoria, one of the African Great Lakes, has 

experienced severe environmental degradation 

since the 1980s due to human activities and 

climate change (23–26). These stressors include 

the introduction of invasive species such as the 

Nile perch (Lates niloticus), which preys on 

cichlid fish (27,28); eutrophication caused by 

agricultural and urban runoff and soil erosion 

from deforestation (29). The overload of 

nutrients resulted in an altered phytoplankton 

composition (29), reduced dissolved oxygen 

(DO) levels, and contributed to anoxic waters 

and algal blooms (30–32). These environmental 

changes have led to a significant decline in 

biodiversity in Lake Victoria (23,24,26), 
including the extinction of half of the 

haplochromine cichlid species (25). 
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In this study, we incorporated 

environmental parameters (minimum and 

maximum air temperature, rainfall, lake water 

levels) and infection parameters (parasite 

abundance, individual species richness, gill 

microhabitat distribution) as part of the holistic 

approach. We screened museum specimens of 

haplochromine cichlids for ectoparasites to test 

whether parasite communities changed across 

different perturbation phases of Lake Victoria. 

The goal is to examine how anthropogenic 

disturbances affect parasite communities by 

analyzing changes in their abundance, species 

richness, and gill microhabitat distribution. 

Understanding these shifts will help clarify the 

role of parasites in maintaining ecosystem and 

human health in the context of global change 
and may contribute to future efforts to integrate 

parasites into biodiversity conservation 

strategies.  

 

We hypothesize that anthropogenic 

disturbances had a negative effect on parasite 

abundance and species richness, potentially due 

to reduced host abundance and the potential 

impacts of pollution, which could hinder the 

survival and transmission of parasite life stages 

(8,15,33). We furthermore expect shifts in 

parasite microhabitat distribution from more 

exposed to more sheltered regions of the gills as 

a consequence of pollution (34).  

 

 

EXPERIMENTAL PROCEDURES 

 

2.1 Study system  

 
 In the present study we used six 

haplochromine cichlid museum specimens. 

These were two closely related 

zooplanktivorous species—Haplochromis 

pyrrhocephalus and H. laparogramma—as well 

as a zooplanktivorous species, H. tanaos, and a 

molluscivorous species, Platytaeniodus degeni. 
The remaining two zooplanktivorous species, 

H. heusinkveldi and H. piceatus, are classified 

as critically endangered on the IUCN Red List 

(35). All six species of cichlid fish are 

bentopelagic. Ecological information on these 

species can be found in table S1. In Lake 

Victoria, the gills of these cichlids are infected 

by six species of Monopisthocotyla 

(Cichlidogyrus bifurcatus, C. furu, C. 

longipenis, C. nyanza, C. pseudodossoui, C. 
vetusmolendarius ) along with two species of 

Copepoda (Ergasilus lamellifer and 

Lamproglena monodi) and Bivalvia (Mollusca: 

Bivalvia) (36–38).  

 

2.2 Fish collection  
 

 A total of 289 haplochromine cichlid 

specimens from six haplochromine species 

(Haplochromis heusinkveldi, H. 

laparogramma, H. piceatus, H. 
pyrrhocephalus, H. tanaos, and Platytaeniodus 

degeni) were collected between 1978 and 2011 

in the northern part of the Mwanza Gulf, Lake 

Victoria, Tanzania (Fig. 1). Sampling was 

originally conducted by the Haplochromis 

Ecology Survey Team (HEST) in collaboration 

with the Tanzania Fisheries Research Institute 
(TAFIRI) along a transect stretching from 

Butimba Bay to Kissenda Bay, in the northern 

Mwanza Gulf (Fig. 1). Detailed methodologies 

related to fish sampling and ethical 

considerations are described in van Rijssel and 

Witte (2013) and the references therein (39). 

The sampling period spanned three distinct 

ecological phases of Lake Victoria: the pristine 

phase (1978–1981), representing the period 

before major environmental disturbances; the 

perturbed phase (1984–1999), marked by 

intense environmental changes; and the 

recovery phase (2001–2006), during which 

environmental conditions were less extreme 

than in the perturbed phase (39). These periods 

will hereafter be referred to as “ecological 

periods”. Following collection, the fish were 

originally preserved in a 4% formaldehyde 

solution buffered with borax and subsequently 

transferred to 70% ethanol. The specimens were 

deposited at the Centre for Biodiversity, 

Naturalis (Leiden, The Netherlands). The gills 

had already been extracted as part of previous 

studies (35, 39–42) and later transported to 

Hasselt University (Belgium) for 

parasitological examination. We included five 

to eight male individuals of each of the six 

haplochromine cichlid species per year, so that 

host species are consistently represented across 

the years of interest (Table S2). Therefore, three 

female specimens from 1986 were also 

included. With the exception of these, only male 

specimens were used to enhance comparability 

with previous parasitological studies on 

cichlids. 
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2.3 Environmental data  

 

 We included four key environmental 

parameters from the dataset used in van Rijssel 

et al. (2016) to explore potential influences of 

changing abiotic conditions on parasite 

populations over time (41). The environmental 

parameters included minimum and maximum 

air temperatures and rainfall, which were 

measured at Mwanza Airport by the 

Meteorological Department, and lake water 

levels, recorded between Mwanza City and the 

village of Nyegezi by the Lake Victoria Basin 

Water Office (41). Other relevant 

environmental parameters, such as dissolved 

oxygen (DO) levels, water transparency, and 

lake water temperature, were not considered 

due to inconsistent data availability (41). In 

particular, during the perturbed period, 

measurements were missing for several 

consecutive years, which would have resulted in 

substantial gaps and insufficient statistical 

power to assess their effects on parasite 

communities.  
 

2.4 Parasite screening and identification  

 
 The first gill arch on the right side of six 

cichlid species from Lake Victoria was 

examined under a dissecting stereoscope (Leica 

EZ4). Other gill arches have already been used 

in prior research on these specimens and were 

not available (42). Nevertheless, this does not 

limit our study, as the first gill arch—being the 

largest—harbors a high abundance of parasitic 

infections and provides a sufficient 

representation of parasite abundance and 

diversity in Cichlid species (37,43–45). During 

the parasitological examination of the gills, 

parasites were counted and identified to the 

highest taxonomic resolution possible, using a 

Leica DM2500 LED (Leica Microsystems, 

Wetzlar, Germany) at 1000× magnification 

with differential interference contrast. 

Identification of Monopisthocotyla was based 

on the shape and size of the sclerotized 

structures of the attachment organ (haptor) and 

the male copulatory organ (Following 38). We 

initially based the identification of Copepoda on 

the spine-setae formula, as this is a key 

diagnostic characteristic for distinguishing 

species of copepods. However, due to 

insufficient specimen transparency and missing 

spines or setae, this method was unsuitable for 

accurate identification of most specimens. 

Therefore, we switched to a principal 

component analysis (PCA) of nine trait 

measurements, using LAS X 3.6 (Leica 

Application Suite software). The site of 

attachment of Monopisthocotyla and Copepoda 

on the first gill arch was also recorded. The first 

gill arch was divided into nine microhabitats 

(Fig. 2A), based on two hierarchical spatial 

units: longitudinal segments (dorsal, median, 

ventral), and vertical areas (proximal, central, 

 

 

 

 

Fig. 1 – (A) Map of Geographic Sample Location in the Northern Mwanza Gulf, Lake Victoria with station E-J 

representing the research transect and station A-D representing the Butimba Bay. Numbers represent depth in meters (41). (B) 

Geographic location of Lake Victoria in Africa. (C) The six host haplochromine cichlid species sampled in this study: 

Haplochromis heusinkveldi, H. laparogramma, H. piceatus, H. pyrrhocephalus, H. tanaos, and Platytaeniodus degeni. 
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distal, extending from the gill bar to the tip of 

the filaments)(37). Copepoda were preserved in 

100% ethanol in vials to enhance tissue 

transparency, with 36 individuals of Ergasilus 

and one Lamproglena individual subsequently 

immersed in 80% lactic acid for four and a half 

days to further improve transparency. All 109 

Copepoda were subsequently mounted onto 

microscopic slides using glycerol except for 

two which were mounted with Hoyer’s 

medium. Monopisthocotyla were directly 

mounted onto slides in Hoyer’s medium 

without prior preservation in ethanol. 

 

 

2.5 Data analysis –All statistical analyses 

were performed in R statistical software version 

2024.09.1+394 (R Core Team 2024). 

 

 

 

 

 

 

2.5.1 Principal component analysis (PCA)  

 
The species identification of Copepoda 

(103 Ergasilus lamellifer, 6 Lamproglena 

monodi) was based on a principal component 

analysis (PCA) of 9 measured traits. For 

Ergasilus, these traits included cephalothorax 

length and width, total length, egg sac length, 

and egg diameter. Additionally, we recorded the 

presence or absence of the inverted T structure 

on the cephalothorax (following 46,47). For 

Lamproglena, the PCA was based on 

cephalothorax length and width, total length, 

egg sac length, egg diameter, and the lengths of 

the large and small parts of Antenna 1, as well 

as the length of Antenna 2 (following 46,47). 

For the PCA of Lamproglena, we included 

measurements from two additional specimens 

of Lamproglena monodi, which were not part of 

our study but were included to provide 

sufficient statistical power for conducting the 

PCA due to the small sample size. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – Gill microhabitat distribution of ectoparasites infecting cichlids from Lake Victoria. (A) Overview of gill 

arch subdivision into horizontal segments (dorsal, median, ventral) and vertical areas (proximal, central, distal) (from 34) (B) 

Microhabitat distribution based on abundance of Ergasilus lamellifer (C) Microhabitat distribution based on abundance of all 

three Cichlidogyrus species (pooling C. bifurcatus, C. furu, C. nyanza). 

 

(
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2.5.2 Parasite abundance  

 
To test whether the abundance of parasite 

species has changed over time in response to 

environmental changes, we used Generalized 

Linear Mixed Models. Data distribution was 

assessed and collinear variables were excluded. 

Parasite abundance followed a negative 

binomial distribution. The variables maximum 

temperature and rainfall were excluded from the 

initial model due to collinearity. The response 

variable was parasite abundance (number of 

parasite individuals per host individual). We 

created two initial models, one with year as an 

explanatory variable and one with ecological 

period (pristine, perturbed, recovery) as an 

explanatory variable. Fixed effects for both 
initial models included parasite species, fish sex 

(male or female), trophic group (zooplanktivore 

or molluscivore), minimum temperature (in °C), 

lake water level (in meters), and fish species (to 

control for pseudoreplication), along with the 

interaction between parasite species and 

ecological period or year. Random effects 

included fish individual identity (to control for 

repeated sampling). The significance of fixed 

effects was assessed using Likelihood Ratio 

Tests (LRTs) to identify the minimum adequate 

model (MAM) that best fit our data. To test 

whether individual fish identity as a random 

effect contributed to the model, we compared 

models with and without the random effect by 

performing an ANOVA. To assess whether the 

fixed effects had a significant influence on 

parasite abundance, we performed an ANOVA, 

followed by post-hoc Tukey tests on all of the 

significant terms with more than two categories 

to assess if parasite abundance significantly 

changed throughout time. 

 

2.5.3 Parasite species richness 

 
To investigate whether environmental 

changes introduced shifts in parasite species 

richness per individual host, we used 

Generalized Linear Mixed-effects Models 

(GLMMs). Species richness is the number of 

parasite species per fish individual and is 

hereafter referred to as individual species 

richness. To determine the data distribution and 

exclude colinear variables, we followed the 

same procedure explained above. The 

individual species richness followed a Poisson 

distribution. The same environmental variables 

as in the previous abundance models (maximum 

temperature and rainfall) were excluded due to 

collinearity. We created two initial models, one 

with year as an explanatory variable and one 

with ecological period (pristine, perturbed, 

recovery) as an explanatory variable. Fixed 

effects for both initial models included: fish sex 

(male or female), trophic group (zooplanktivore 

or molluscivore), minimum temperature (in °C), 

lake water level (in meters), and fish species (to 

control for pseudoreplication). Fish individual 

identity was included as a random effect, as 

each individual fish can be infected by multiple 

parasites. The significance of the fixed effects 

and interactions was tested using LRTs, 

resulting in the MAM. To test whether 

individual fish identity as a random effect 

contributed to the model, we compared models 
with and without the random effect by 

performing an ANOVA. To assess whether the 

fixed effects had a significant influence on 

parasite individual species richness, we 

performed an ANOVA, followed by post-hoc 

Tukey tests on all of the significant terms with 

more than two categories to assess if individual 

species richness significantly changed 

throughout time. 

 

2.5.4 Parasite gill macrohabitat 

distribution  
 

To investigate whether parasites exhibited 

microhabitat segregation, and whether this 

segregation changed across ecological periods 

as a result of environmental changes, we 

performed for each parasite taxon one 

Generalized Linear Mixed-effects Model 

(GLMM). Based on collinearity tests, 

maximum temperature and rainfall were 

excluded from the initial models. The response 

variable was the number of parasite individuals 

per microhabitat. The initial models included as 

fixed effects: ecological period (pristine, 

perturbed, recovery), microhabitat site (dorsal-

proximal, median-proximal, ventral-proximal, 

dorsal-central, median-central, ventral-central, 

dorsal-distal, median-distal, ventral-distal ), 

along with their interaction (to assess whether 

the effect of microhabitat site differed across 

ecological periods), total abundance of the 

target parasite species per fish individual (to 

account for pseudoreplication), trophic group, 

minimum temperature, and lake water level. 

Random effects included fish individual 

identity (to account for repeated sampling). To 

test whether individual fish identity as a random 
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effect contributed to the model, we compared 

models with and without the random effect by 

performing an ANOVA. The significance of the 

fixed effects in the initial model was determined 

using LRTs to obtain the MAM. To assess 

whether the fixed effects had a significant 

influence on parasite gill microhabitat 

distribution, we performed an ANOVA on both 

MAMs, followed by post-hoc Tukey tests on all 

of the significant terms with more than two 

categories to test whether these patterns of 

occupation changed throughout time. 

 

RESULTS 

 

3.1 Parasite identification  
 

 We found 19 individuals belonging to 

three species of Monopisthocotyla (2 

Cichlidogyrus bifurcatus, 15 C. furu, 2 C. 

nyanza), 109 Copepoda belonging to two 
species (103 Ergasilus lamellifer, 6 

Lamproglena monodi) and 3645 Glochidia. 

Principal Component Analysis (PCA) revealed 

that all specimens of Lamproglena clustered 

together at 95% confidence interval (CI), 

indicating they belonged to the same species, 

namely Lamproglena monodi (Fig. 3A). The 

first two dimensions (Dim1 and Dim2) 

explained 49% and 41.7% of the variance, 

respectively. The PCA of Ergasilus specimens 

showed that most individuals clustered together 

within the 95% CI (Fig. 3B). The first two 

dimensions (Dim1 and Dim2) explained 46.9% 

and 16.8% of the variance, respectively. Seven 

outliers were observed outside the CI. 

Morphological analysis confirmed that these 

outliers did not exhibit any morphological 

difference from the other individuals belonging 

to Ergasilus lamellifer.  

 

3.2 Parasite abundance  

 In the first model, testing for year, the 

minimum adequate model (MAM) included 

parasite species, sampling year, fish species, 

and minimum temperature as fixed effects, and 

fish individual identity as a random effect. 

Parasite abundance did not change across 

sampling years, and the effect of year on 

parasite abundance did not differ between 

parasite species. Minimum temperature had a 

significant positive influence on parasite 

abundance. In the second model, testing for 

ecological period, the MAM included parasite 

species, ecological period, fish species, and lake 

water level as fixed effects, and fish individual 
identity as a random effect. When comparing 

the abundance within the same parasite taxa 

between different ecological periods (pristine, 

perturbed, and recovery) in Lake Victoria, all 

parasite species (Cichlidogyrus bifurcatus, C. 
furu, C. nyanza, Ergasilus lamellifer, 

Glochidia, and Lamproglena monodi) were 

significantly more abundant during the pristine 

period compared to the perturbed period and 

compared to the recovery period (Fig. 4, Table 

S4). When comparing abundances of different 

parasite taxa (pooling ecological periods), 

Glochidia was overall significantly more 

 
Fig. 3 – Principal Component Analysis (PCA) of morphological measurements of (A) Lamproglena, with Dimension 

1 explaining 49% of the variance and Dimension 2 explaining 41.7%, and (B) Ergasilus, with Dimension 1 explaining 46.9% 

of the variance and Dimension 2 explaining 16.8%. Each point represents an individual parasite; arrows indicate the contribution 

of each morphological trait (Ceph_length : cephalothorax length, Ceph_width : cephalothorax width, Inverted_T: prescence or 

absence of the inverted T structure, A1_small: length of the small part of the first antenna, A1_big : length of the large part of 

the first antenna, A2: length of the second antenna). Pink (Lamproglena) and blue (Ergasilus) ellipses indicate the 95% 

confidence interval. 
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abundant than Cichlidogyrus bifurcatus and C. 

furu. Furthermore, E. lamellifer was 

significantly more abundant than C. furu, C. 

nyanza, and C. bifurcatus (Table S5). An 

overview of mean parasite abundance per host 

species is provided in Table S6. Lake water 

level had a negative influence on parasite 

abundance. Again, the effect of ecological 

period on parasite abundance did not differ 

between parasite species when testing for an 

interaction between parasite species and 

ecological period.  

 

3.3 Individual species richness  

 

 In the first model, testing for sampling 

year, the minimum adequate model (MAM) 

included sampling year and fish species as fixed 

effects, and fish individual identity as a random 

effect. Parasite individual species richness did 

not change across sampling years, and parasite 

individual species richness across years did not 
differ between the different fish species. In the 

second model, testing for ecological period, the 

MAM included parasite ecological period and 

fish species as fixed effects. The random effect 

fish individual identity did not significantly 

improve the model and was therefore excluded. 

Parasite individual species richness did change 

across ecological periods, and parasite species 

richness across ecological periods did not differ 

between the different fish species. The 

perturbed period showed significantly lower 

individual species richness compared to the 

pristine (p=0.004, Z=-3.212) and recovery 

(p=0.030, Z=-2.539) period. There was no 

significant difference in individual species 

richness between the pristine and recovery 

periods (p=0.771, Z=0.688; Fig. 5). 

3.4 Gill microhabitat distribution  

The MAM for E. lamellifer included gill 

microhabitat site and total parasite abundance 

of E. lamellifer per fish individual as fixed 

effects and fish individual identity a random 

effect. The microhabitat distribution of E. 

lamellifer on gill arch 1 showed a clear non-

random pattern (Table S3): it was significantly 

 
Fig. 4 – Parasite mean abundance for each parasite taxon (Cichlidogyrus bifurcatus, Cichlidogyrus furu, Cichlidogyrus nyanza, 

Ergasilus lamellifer, Glochidia, and Lamproglena monodi) from 1978 to 2011. The time axis is divided into three ecological periods: 

pristine (1978–1981), perturbed (1984–1999), and recovery (2001–2011) with transitional phases in between. Each line represents a parasite 

taxon: Cichlidogyrus bifurcatus (dark green), Cichlidogyrus furu (light green), Cichlidogyrus nyanza (green), Ergasilus lamellifer (blue), 

Glochidia (yellow), and Lamproglena monodi (pink). Error bars indicate the standard error of the mean (SEM) across all host individuals 

sampled per year. The y-axis includes a break between values 1 and 2.5 to improve visualization of both low and high abundance values. 
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more abundant on the dorsal-distal microhabitat 

site compared to the dorsal-proximal, median-

central, ventral-central, and ventral-proximal 

ones (Fig. 2B; Table S7). Conversely, E. 

lamellifer was least frequent for the median-

proximal site. Because of the limited sample 

size for each Cichlidogyrus species, resulting in 

low statistical power, the three species of 

Cichlidogyrus were pooled together, and the gill 

microhabitat analysis was conducted at the 

genus level. The model for the microhabitat 

distribution of Cichlidogyrus included the same 

fixed and random effects 

as mentioned above, except that total parasite 

abundance of Cichlidogyrus per fish individual 

was excluded. The distribution of 

Cichlidogyrus did not deviate significantly from 

randomness  across the microhabitat regions of 

the first gill arch (Fig. 2C; Table S3). There 

were no significant changes in microhabitat 

distribution of E. lamellifer and Cichlidogyrus 

spp. over different ecological periods (Table 

S3). The microhabitat distribution of 

Lamproglena monodi was not analyzed due to 

insufficient data, which resulted in limited 

statistical power.  

DISCUSSION 

 

Our study aimed to investigate how 

parasite abundance and species richness have 

changed over time. Our results show that 

parasite communities were affected by (human-

induced) environmental changes during the 

perturbed period, as both parasite abundance 

and species richness declined compared to the 

pristine period. Furthermore, we did not 

observe any differences in parasite species 

richness or abundance between fish species or 

trophic groups. Although some signs of 

recovery in parasite abundance were observed 

during the recovery period, levels have not yet 

returned to those observed in the pristine period. 

 

Interindividual variation in E. lamellifer  
 

          We found 19 individuals belonging to 

three species of Monopisthocotyla (2 

Cichlidogyrus bifurcatus, 15 C. furu, 2 C. 

nyanza), 109 Copepoda belonging to two 

species (103 Ergasilus lamellifer, 6 

Lamproglena monodi) and 3645 Glochidia. For 

the two copepod species, we performed a PCA 

in addition to morphological identification to 

 
 
Fig. 5– Parasite mean individual species richness per sampling year. The time axis is divided into three ecological periods: 

pristine (1978–1981), perturbed (1984–1999), and recovery (2001–2011) with transitional phases in between. Each point represents 

the parasite  individual species richness of the six parasite taxa (Cichlidogyrus bifurcatus, Cichlidogyrus furu, Cichlidogyrus 

nyanza, Ergasilus lamellifer, Glochidia, and Lamproglena monodi) for ag given year from 1978 to 2011. 
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assess whether all individuals indeed belonged 

to the same species. In L. monodi, the PCA 

supported morphological identification, 

showing all samples to cluster as one species. 

In E. lamellifer, however, the PCA revealed 

seven outliers. Upon further morphological 

examination, we concluded that these outliers 

were likely the result of intraspecific variation 

in certain traits or differences in developmental 

stage or maturity. 

 

Parasite abundance and individual species 
richness  

 

           Parasite abundance varied across 

ecological periods, but not across individual 

sampling years. This was likely due to 
insufficient data on parasite infections to detect 

effects at a finer temporal resolution. Pooling 

years is a more robust approach that increases 

the chance of detecting changes that might not 

be observable at the level of individual years. 

During the perturbed period, the abundance of 

all parasites (Glochidia, C. bifurcatus, C. furu, 

C. nyanza, E. lamellifer, and L. monodi), as well 

as species richness per individual host, was 

lower compared to the pristine period (prior to 

environmental changes). These findings 

indicate that parasite communities in Lake 

Victoria are negatively impacted by (human-

induced) environmental changes, and that shifts 

in parasite populations mirror environmental 

alterations. Although Lake Victoria is currently 

considered to be in a relatively stable state 

(28,48), our results indicate that parasite 

abundance and individual species richness 

during the recovery period has not fully 

returned to pre-disturbance levels, while 

individual species richness did recover to pre-

disturbance levels. In the Mwanza Gulf, 

environmental conditions have shown some 

improvement since the 2000s, partly due to 

increased wind activity enhancing vertical 

mixing, which in turn improves dissolved 

oxygen availability and overall water quality 

(41). These improvements were possibly further 

supported by intense fishing of Nile perch, 

which reduced predation pressure and allowed 

lower trophic level species to more effectively 

utilize primary productivity (32). This shift 

likely contributed to increases in these species 

and helped mitigate some of the impacts of 

eutrophication (32,49). However, 

environmental conditions have not fully 

recovered, as runoff-driven phosphorus 

enrichment remains a persistent issue, 

continuing to fuel eutrophication in the lake 

(41). The remaining presence of eutrophication 

and the fact that water quality has not yet 

returned to pre-disturbance levels may explain 

why parasite abundance has not recovered to 

levels observed prior to the environmental 

changes (41). However, in contrast to parasite 

abundance, parasite species 

richness has recovered to pre-disturbance 

levels. This may be attributed to the 

reappearance of Cichlidogyrus nyanza and C. 
bifurcatus during the recovery period, after 

their disappearance during the perturbed period, 

which directly contributed to the observed 

increase in species richness. The disappearance 

of C. nyanza and C. bifurcatus may have 
resulted from the reduced availability of cichlid 

fish hosts in Lake Victoria, caused by the 

introduction of the invasive Nile perch, 

eutrophication, and intense overfishing (25). 

Such reductions in host populations have been 

shown to lead to the disappearance of their 

associated parasites (50). 

The perturbed period was characterized by 

reduced dissolved oxygen (DO) levels and 

lower water temperatures (29,30,37,41), caused 

by thermal stratification resulting from 

decreased vertical mixing. This decrease in 

vertical mixing was linked to reduced wind 

speeds and a shift in wind direction toward 

southwest patterns during the 1980s (41). In 

general, studies have shown that higher water 

temperatures tend to benefit parasites by 

positively influencing their life span, 

development, reproduction, and increased 

transmission rate of  infective stages (51,52), 

while lower temperatures can be less favorable 

(12,51). For example, monopisthocotylan eggs 

are known to hatch faster at higher temperatures 

(9,53). Similarly, copepods show enhanced egg 

production, faster development, and increased 

infection success under warmer conditions (54). 

Glochidia exhibit faster and more efficient 

growth at elevated temperatures (55). These 

findings align with our results, which suggest 

that the decrease in water temperature during 

the perturbed period had a negative effect on 

both parasite abundance and species richness. 

Conversely, the increase in water temperature 

during the recovery period—reaching levels 

comparable to those in the pristine period—was 
accompanied by a similar increase in parasite 

species richness, following the same pattern. In 
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contrast, parasite abundance did not return to 

pristine levels, despite the recovery of water 

temperature. 

Lake levels of Lake Victoria gradually 

decreased from the pristine to the perturbed 

period, and continued to decline into the 

recovery period, likely due to increased 

evaporation caused by stronger wind speeds and 

higher maximum temperatures (41). Lower lake 

water levels are associated with reduced flow 

rates, and parasite species richness tends to be 

higher in milder currents (56). This is in line 

with our findings, as we observed that lake 

water levels had a negative effect on parasite 

abundance in our model. We observed an 

increase in species richness during the recovery 

period, when lake levels had dropped even 

further compared to the perturbed period. 
Furthermore, the mean abundance 

of Monophystocoltyla and Copepoda has been 

shown to be negatively correlated with stream 

velocity (57), which is also consistent with our 

results in the recovery period, where we 

observed an increase in mean abundance 

alongside further declines in lake levels. 

However, the decline in lake water levels from 

the pristine to the perturbed period does not 

align with the literature, as both parasite 

abundance and species richness declined in the 

perturbed period compared to the pristine 

period. This discrepancy is likely due to the 

influence of other environmental variables that 

may have negatively affected parasite metrics, 

as further discussed in this study. 

The perturbed period was also marked by a 

decrease in DO levels. Literature is in 

agreement that low dissolved oxygen (DO) 

levels are associated with higher parasite 

abundance. For example, low DO levels during 
the perturbed period led to an increased gill 

surface area (41) and can lead to increased 

ventilation volume across the gills, which can 

result in greater attachment area and enhanced 

exposure to parasites, potentially favoring 

parasite infection (58–60). However, we found 

that parasite abundance and individual species 

richness decreased during the perturbed period. 

The discrepancy between our findings and those 

in the literature may be attributed to taxon-

specific differences in parasite responses. For 

example, it was found that while the abundance 

of Cichlidogyrus tilapiae decreased in response 

to low DO levels, the abundance of other 

species increased, such as Cichlidogyrus 

sclerosus, C. thurstonae, and Scutogyrus 
longicornis (9). This supports the idea that even 

within a single study, the effects of DO levels 

can vary, suggesting that the impact of DO on 

parasite abundance and species richness is 

highly dependent on the specific parasite taxa 

involved. 

The reduced DO levels observed during the 

perturbed period are further exacerbated by 

cyanobacterial blooms (29,48), which thrive 

under conditions such as increased nutrient 

input from agricultural and industrial runoff, 

sediment influx, and low wind speeds. These 

conditions also contributed to the 

eutrophication of the lake and resulted in 

reduced water transparency in Lake Victoria 

(41). Previous studies generally report that 

eutrophication and elevated nutrient levels exert 

a positive effect on the abundance of 

Monopisthocotyla (Cichliodgyrus) and 

Copepoda (Lamproglena) (9,11). It is important 

to consider that our study reflects a long-term 

study (33 years) compared to the period range 

of the previous studies (eight months to three 

years). Given that ectoparasites are highly 

sensitive to pollution (11), it is possible that the 

potential benefits of nutrient enrichment on 

parasite abundance are offset by the negative 

impacts of other stressors (e.g., a decrease in 

temperature) under long-term exposure. This 

could help explain the decline in parasite 

abundance observed in our study. For example, 

freshwater copepods have been shown to be 

particularly sensitive to pesticides and nitrogen-

based fertilizers, which can act as endocrine 

disruptors (10,61). The decline in parasite 

species richness per host individual we 

observed during the perturbed period is 

consistent with previous studies reporting that 

parasite exposure to excess nutrients from urban 

effluents, eutrophication, and pollution leads to 

reduced parasite diversity and species richness 

(62,63).  

In addition to the environmental factors 

discussed above, a contributing indirect factor 

to the observed decline in parasite abundance 

and individual species richness may be the 

reduced availability of cichlid fish hosts in Lake 

Victoria, caused by the introduction of the 

invasive Nile perch, eutrophication and intense 

overfishing (25). This reduction in host 

abundance can limit opportunities for parasite 



                           Senior internship- 2nd master BMW 

 
 

12 

transmission and negatively affect both parasite 

abundance and species richness, as declines in 

host populations have been shown to lead to the 

disappearance of their associated parasites 

(13,50,64). 

Glochidia and E. lamellifer were more abundant 

compared to Cichlidogyrus species. This is 

possibly due to E. lamellifer and Glochidia 

being a more generalist species and thus infects 

a broader range of host species, in contrast to 

Cichlidogyrus species, which exhibit strong 

host specificity, as monopisthocotylans are 

generally considered one of the most host-

specific parasites (47,65–67). Because E. 

lamellifer and Glochidia can exploit a wider 

host range, they may have broader access to 

resources. Meanwhile, the 

specialist Cichlidogyrus species may compete 

more intensely with one another than with other 

parasite taxa due to their similar nutritional 

requirements, potentially making it more 

difficult for them to coexist in large numbers 

within the same host species (37). 

Gill microhabitat distribution of parasites  

        We furthermore aimed to investigate 

whether (human-induced) environmental 

changes caused variation in the gill 

microhabitat distribution of parasites. We found 

that E. lamellifer had a more frequent 

occurrence on the dorsal-distal sites of the gill, 

while the distribution of Cichlidogyrus spp. did 

not deviate from random. Environmental 

changes had no influence on the gill 

microhabitat distribution of E. lamellifer and 

Cichlidogyrus spp. The effects of 

environmental changes on the gill microhabitat 

distribution of parasites are unclear in literature: 
some studies reported shifts in spatial 

distribution (34), while others observed no 

change (75,76). This highlights that the effects 

of environmental change on gill microhabitat 

distribution may vary depending on parasite 

species, host–parasite interactions, and the 

duration and severity of pollution (34). We 

expected that low dissolved oxygen (DO) 

levels, which lead to gill enlargement and 

increased ventilation volume across the gills 

(58), would result in a shift in parasite 

distribution. We expected parasites therefore to 

more frequently occupy peripheral areas of the 

gill arch or more proximal sites, where they 

might be more shielded from stronger water 

currents and greater exposure to pollutant,  as 

ectoparasites are known to be highly sensitive 

to pollution (11). However, our data did not 

reveal any differences in the gill microhabitat 

distribution of E. lamellifer and Cichlidogyrus 

spp. across ecological periods (pristine, 

perturbed, or recovery). This suggests that 

environmental factors or anthropogenic 

disturbances did not cause a shift in their 

microhabitat distribution.  

The occurrence of E. lamellifer on the distal part 

of the gill filaments is  consistently with a 

previous study on Ergasilus sarsi (68) and a 

study including the copepod Dermergasilus 

varicoleus (34). The preference for the distal 

area may be explained by the copepod 

anchoring itself with its antennae at the tip of 

the gill filaments, aligning its body parallel to 

the filament with the egg sacs protrude beyond 

the filament allowing for optimal exposure of 

the egg sacs to the water flow which can 

facilitate the egg hatching (34,37,68,69). The 

presence of E. lamellifer on the dorsal side may 

be explained by the fact that dorsal gill 

segments are more sheltered from strong water 

currents (70). Water flow can influence the 

distribution of these organisms, as they must 

remain attached to the gills and avoid being 

dislodged by the force of water passing across 

the gill arches and their individual regions (71). 

Species of Cichlidogyrus did not show a 

significantly higher frequency at a specific 

microhabitat. The microhabitat frequency of 

Cichlidogyrus appears to be strongly species-

dependent, as some studies have also reported 

the presence of Cichlidogyrus at central sites 

where water flow is weaker compared to distal 

areas (37,69,72), while other studies reported 

higher abundances of Cichlidogyrus at distal 

sites (73,74). Because species-level 

microhabitat analyses were not possible due to 

limited sample size, species-specific patterns 

cannot be excluded. Further research is needed 

to determine whether the low sample size and 

pooling of species influenced the observed 

distribution patterns at the genus level. 

Although gill microhabitat distribution did 

not change significantly over ecological 

periods, parasite abundance and individual 

species richness declined as a result of 

environmental changes and anthropogenic 

disturbances. While ectoparasites are generally 

considered highly sensitive to pollution (11), 
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the literature reveals inconsistent patterns 

regarding the effects of anthropogenic and 

climate-related stressors on parasite 

populations. Some studies report positive 

effects on parasites (9,11,58–60), while others 

document negative impacts (10,36,50,61–63). 

Despite differences in study design and 

analytical approaches, the inconsistency in the 

direction of effects observed across studies may 

reflect that each ecosystem is shaped by a 

unique combination of stressors, exposure 

durations, environmental conditions, parasite 

taxa present, and overall biodiversity. 

Consequently, the effects of environmental 

disturbances on parasite communities cannot be 

generalized and further research is needed to 

gain more information on how different parasite 
taxa responds to different environmental 

changes in different ecosystems. Despite this 

variability, the findings presented here clearly 

show that parasite populations in Lake Victoria 

have been negatively affected by human-

induced environmental changes, and that 

parasites can be used as indicators of ecosystem 

health. Parasite communities have not 

recovered to the pre-disturbance levels 

observed during the pristine period. However, 

there are signs of improvement and recovery of 

parasite communities in response to improved 

environmental conditions. Our findings 

contribute to the growing body of knowledge on 

how parasites respond to environmental 

changes, which is essential in order to assess 

which parasites are threatened with extinction 

and to develop and translate targeted 

conservation plans into practical actions to 

safeguard parasite biodiversity and their 

ecological functions, especially in these times 

of global change. 

 

 

 
 

 

 

CONCLUSION 

This study indicates that parasite 

abundance and individual species richness 

declined in response to environmental changes 

and anthropogenic disturbances. Given the vital 

roles parasites play in maintaining ecosystem 

health, such declines may have far-reaching 

effects on productivity, biodiversity, food web 

stability and connectivity, organization, and 

resilience at both ecosystem and population 

levels (1,3,4,7,8). Our results suggest that 

parasites may be at risk, highlighting the need 

for parasite monitoring and conservation. 

Although Lake Victoria has reached a relatively 

more stable state, our findings support that the 

system has not returned to its pre-disturbance 

conditions, and parasite communities have not 

fully recovered. However, there are signs of 

improvement and recovery of parasite 

communities in response to improved 

environmental conditions, suggesting that 

current efforts are moving in the right direction, 

and that parasites should be included in 

conservation programs and post-intervention 

assessments.  Our study highlights the need for 

long term studies investigating changes in 

parasite populations and the value of using 

natural historical collections as an effective 

method for such studies. This study contributes 

to our understanding of parasite dynamics in 

times of global change and underscores the 

urgent need for the development and 

implementation of effective parasite 

conservation strategies to prevent further losses 

in parasite biodiversity and the ecological 

functions they support.  
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SUPPLEMENTARY INFORMATION 

 
 

Table S1: Ecological information (trophic group, habitat) of six species of haplochromine fish sampled from Lake Victoria between 1978 and 

2011. All species are benthopelagic. Ecological information was retrieved from FishBase. 
Host species Trophic group  Habitat Depth range (min-max) (m) 

Platyaeniodus degeni molluscivore Sand, shingle and mud ? - 15  

Haplochromis heusinkveldi Zooplanktivore 

 

Exposed and sheltered areas with a mud bottom 3 - 21  

Haplochromis laparogramma  Zooplanktivore 

 

Relatively exposed waters with sand or mud bottoms 5 - 35  

Haplochromis piceatus Zooplanktivore 

 

Relatively sheltered gulf with a mud bottom 14-18 

Haplochromis pyrrhocephalus Zooplanktivore 

 

Mud bottoms in exposed areas 3 - 21 

Haplochromis tanaos Zooplanktivore 
 

Relatively sheltered areas with a sandy substrate 0 - 10 

 
Table S2: Sample size of male cichlid fish from Lake Victoria screened for parasites per species and sampling year. *Three from the eight fish 

individuals were females. 
Host species 1978 1981 1984 1985 1986 1987 1990 1991 1993 1999 2001 2002 2006 2011 tot 

P. degeni 8 8 8  8*       8 8 8 56 

H. heusinkveldi 5 5 5 5           20 

H. laparogramma  5 5 5    5 5 5 5 5 5 5 5 55 

H. piceatus 5 5 5 5           20 

H. 

pyrrhocephalus 

8 8 8   8  8 8 8 8 8 8 8 88 

H. tanaos 8 8 5      5  8  8 8 50 

tot 3 9 39 36 10 8 8 5 13 18 13 21 21 29 29 289 
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Table S3: Minimal adequate models (MAMs) testing the parasite abundance and individual species richness over sampling years and 

ecological periods (pristine, perturbed, recovery), the gill microhabitat distribution of E. lamellifer and Cichlidogyrus species. χ² indicates the Chi-

square statistic for the overall comparison. Df = degrees of freedom. Significance levels (95% CI): p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. 
 

MAM Variable χ2 Df p-value  

Abundance (year) Parasite species 871.9142 5 < 2.2e-16*** 

Year 1.2193   1 0.2695     

Fish species 218.7986   5 < 2.2e-16*** 

Minimum 

temperature 

38.8211   1 4.645e-10*** 

 Abundance (period) Parasite species 881.475 5 < 2.2e-16*** 

Period 65.139   2 7.164e-15*** 

Lake levels 12.206   1 0.0004765*** 

Fish species 267.742 5 < 2.2e-16*** 

Individual species richness (year) Year 18.070 13 0.1549     

Fish species 35.651   5 1.115e-06*** 

Individual species richness (period) Period 11.104   2 0.003879** 

Fish species 44.921   5 1.505e-08*** 

Gill microhabitat distribution E. lamellifer (period) Microhabitat site 44.9712 8 3.727e-07*** 

Total Ergasilus 
lamellifer per fish ID 

11.0161   1 0.0009032*** 

Period 0.0143   2 0.9928693 

Gill microhabitat distribution Cichlidogyrus spp. 

(period) 

Microhabitat site 3.4344   8 0.9042 

Period 0.0000   2 1.0000 
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Table S4: Pairwise comparisons (post hoc Tukey test) of parasite abundance within each parasite taxon infecting cichlid fish in Lake 

Victoria across the three ecological periods (pristine, perturbed, and recovery). Estimate refers to the estimated difference in mean abundance 

of a given parasite taxon between ecological periods. SE is the standard error of the estimate. Z-ratio is the z-ratio for comparisons between ecological 

periods. Df = degrees of freedom. Significance levels (95% confidence interval):  p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. 

 
                              Contrast  Estimate                SE df z.ratio p.value 

C. bifurcatus perturbed vs. pristine -1.7122445 0.2177911 inf -7.861868 8.404388e-13*** 

C. bifurcatus perturbed vs. recovery -0.5088385 0.2152201 inf -2.364270 6.353581e-01 

C. bifurcatus pristine vs. recovery 1.2034059 0.2954149 inf 4.073612 5.930178e-03** 

C. furu perturbed vs. pristine -1.7122445 0.2177911 inf -7.861868 8.404388e-13*** 

C. furu perturbed vs. recovery -0.5088385 0.2152201 inf -2.364270 6.353581e-01 

C. furu pristine vs. recovery 1.2034059 0.2954149 inf 4.073612 5.930178e-03** 

C. nyanza perturbed vs. pristine -1.7122445 0.2177911 inf -7.861868 8.404388e-13*** 

C. nyanza perturbed vs. recovery -0.5088385 0.2152201 inf -2.364270 6.353581e-01 

C. nyanza pristine vs. recovery 1.2034059 0.2954149 inf 4.073612 5.930178e-03** 

E. lamellifer perturbed vs. pristine -1.7122445 0.2177911 inf -7.861868 8.404388e-13*** 

E. lamellifer perturbed vs. recovery -0.5088385 0.2152201 inf -2.364270 6.353581e-01 

E. lamellifer pristine vs. recovery 1.2034059 0.2954149 inf 4.073612 5.930178e-03** 

L. monodi perturbed vs. pristine -1.7122445 0.2177911 inf -7.861868 8.404388e-13*** 

L. monodi perturbed vs. recovery -0.5088385 0.2152201 inf -2.364270 6.353581e-01 

L.monodi pristine vs. recovery 1.2034059 0.2954149 inf 4.073612 5.930178e-03** 

Glochidia disturbed pristine vs. pristine -1.7122445 0.2177911 inf -7.861868 8.404388e-13*** 

Glochidia disturbed pristine vs. recovery -0.5088385 0.2152201 inf -2.364270 6.353581e-01 

Glochidia pristine vs.  recovery 1.2034059 0.2954149 inf 4.073612 5.930178e-03** 
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Table S5: Pairwise comparisons (post hoc Tukey test) of parasite abundance between parasite taxa infecting cichlid fish in Lake Victoria 

from 1978 to 2011. Estimate represents the estimated difference in mean abundance between parasite species. SE is the standard error of the estimate. 

Z-ratio is the z-ratio for pairwise comparisons. Df = degrees of freedom. Significance levels (95% confidence interval): p > 0.05; * p < 0.05; ** p < 

0.01; *** p < 0.001. 
            Contrast    Estimate       SE  df      z.ratio     p.value 

C. bifurcatus – C.furu -2.04584116 0.7662803 Inf -2.669833790 8.134723e-02 

C. bifurcatus – C. nyanza 0.00543825 1.0103897 Inf 0.005382329 1.000000e+00 

C. bifurcatus – E. lamellifer -4.25261294 0.7283555 Inf -5.838650420 7.876519e-08*** 

C. bifurcatus – Glochidia -7.28522802 0.7196962 Inf -10.122643746 6.017409e-14*** 

C. bifurcatus – L. monodi -1.12305304 0.8291096 Inf -1.354529054 7.542192e-01 

C. furu – C.nyanza 2.05127941 0.7663266 Inf 2.676769170 7.989584e-02 

C. furu – E. lamellifer -2.20677178 0.3098861 Inf -7.121235762 1.608469e-11*** 

C. furu – Glochidia -5.23938686 0.2894349 Inf -18.102123382 0.000000e+0*** 

C. furu – L. monodi 0.92278812 0.5037512 Inf 1.831833111 4.450818e-01 

C. nyanza – E. lamellifer -4.25805119 0.7284782 Inf -5.845131680 7.576113e-08*** 

C. nyanza – Glochidia -7.29066627 0.7197516 Inf -10.129419707 6.050715e-14*** 

C. nyanza – L. monodi -1.12849129 0.8291377 Inf -1.361042118 7.504032e-01 

E. lamellifer – Glochidia -3.03261508 0.1579448 Inf -19.200477534 0.000000e+00*** 

E. lamellifer – L. monodi 3.12955990 0.4436232 Inf 7.054545375 2.601430e-11*** 

Glochidia – L. monodi 6.16217498 0.4295364 Inf 14.346105492 0.000000e+00*** 
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Table S6: Mean abundance of parasites infecting six haplochromine host species during different ecological periods (pristine: 1978-

1981, perturbed: 1984-1999, recovery: 2001-2011) in Lake Victoria. N = number of fish individuals.  
                                                                

                                                                                                                                                                                                                 Mean abundance (min-max) 

Fish_sp Period N SL (min-max) C. bifurcatus C. furu C. nyanza E. lamellifer L. monodi Glochidia 

 

H. heusinkveldi 

Pristine 10               7.2 (5.9-7.85) 0 (0-0) 0 (0-0) 0 (0-0) 1 (0-3) 0.1 (0-1) 2.1 (0-7) 

Perturbed 10               5.7 (5-6.5) 0 (0-0) 0 (0-0) 0 (0-0) 0.3 (0-1) 0 (0-0) 0.3 (0-1) 

Recovery 0               NA 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 

 

H. laparogramma  

Pristine 10               7.2 (5.85-8.1) 0 (0-0) 0 (0-0) 0 (0-0) 0.93 (0-5) 0 (0-0) 0.29 (0-2) 

Perturbed 25               5.7 (5-6.2) 0 (0-0) 0 (0-0) 0 (0-0) 0.04 (0-1) 0 (0-0) 0.38 (0-3) 

Recovery 20               NA 0 (0-0) 0 (0-0) 0 (0-0) 0.04 (0-1) 0 (0-0) 0.96 (0-6) 

 

H. piceatus  

Pristine 10               6.1 (5.6-6.8) 0 (0-0) 0 (0-0) 0 (0-0) 0.1 (0-1) 0 (0-0) 102 (17-240) 

Perturbed 10               5.2 (4.75-5.6) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 22.1 (15-43) 

Recovery 0               NA 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 

 

H. 

pyrrhocephalus  

Pristine 16               6.2 (5.05-8.3) 0 (0-0) 0 (0-0) 0 (0-0) 0.56 (0-2) 0.19 (0-2) 2.31 (0-10) 

Perturbed 40               5.7 (5.05-7.1) 0 (0-0) 0 (0-0) 0 (0-0) 0.05 (0-1) 0 (0-0) 0.56 (0-2) 

Recovery 32               5.2 (4.7-5.75) 0 (0-0) 0.06 (0-1) 0 (0-0) 0.09 (0-1) 0 (0-0) 2.38 (0-15) 

 

H. tanaos 

Pristine 16               6.3 (5-7) 0 (0-0) 0.12 (0-1) 0 (0-0) 0.25 (0-2) 0 (0-0) 13.88 (2-39) 

Perturbed 10               NA 0 (0-0) 0 (0-0) 0 (0-0) 0.17 (0-1) 0 (0-0) 6 (1-17) 

Recovery 24               NA 0.04 (0-1) 0.12 (0-1) 0 (0-0) 0.54 (0-2) 0 (0-0) 14.92 (0-87) 

 

P. degeni 

Pristine 16               6.4 (5.25-7.25) 0.06 (0-1) 0.19 (0-2) 0.12 (0-1) 0.44 (0-2) 0.12 (0-1) 41.38 (0-151) 

Perturbed 16               5.8 (5.15-7.2) 0 (0-0) 0.19 (0-1) 0 (0-0) 0.44 (0-3) 0 (0-0) 23.5 (0-183) 

Recovery 24               5.7 (4.95-6.5) 0 (0-0) 0.1 (0-1) 0 (0-0) 1.29 (0-4) 0 (0-0) 24.67 (0-150) 
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Table S7: Differences in the spatial distribution of E. lamellifer on the first gill arch of cichlids from Lake Victoria, Tanzania, across nine gill 

microhabitats (longitudinal segments do: dorsal, me: median, ve: ventral ; and vertical areas di: distal, ce: central, prox: proximal). Estimate indicates 

the estimated difference in the mean frequency of occurrence of E. lamellifer between gill microhabitat sites. SE is the standard error of the estimate. 

Z-ratio is the z-ratio (estimate divided by SE). Df = degrees of freedom. Significance levels (95% CI): p > 0.05; * p < 0.05; ** p < 0.01; *** p < 

0.001.  

Contrast Estimate SE z ratio Adjusted p-value 

do-di vs.  do-ce 0.5947 0.3114 1.910 0.53056 

do-prox vs. do-ce -2.0794 0.7500 -2.773 0.09119 

mece vs. doce -1.6740 0.6292 -2.661 0.12191 

medi vs. doce -0.4700 0.4031 -1.166 0.94692 

meprox vs. doce -23705.0 35109.33 -0.001 1.00000 

vece vs. doce -1.3863 0.5590 -2.480 0.18742 

vedi vs. doce -0.2877 0.3819 -0.753 0.99674 

veprox vs. doce -2.7726 1.0308 -2.690 0.11293 

doprox vs. dodi -2.6742 0.7311 -3.658 0.00514** 

mece vs. dodi -2.2687 0.6065 -3.741 0.00395** 

medi vs. dodi -1.0647 0.3667 -2.903 0.06352 

meprox vs. dodi -24300.0 35109.33 -0.001 1.00000 

vece vs. dodi -1.9810 0.5334 -3.714 0.00422** 

vedi vs. dodi -0.8824 0.3432 -2.571 0.15165 

veprox vs. dodi -3.3673 1.0171 -3.311 0.01813* 

mece vs. doprox 0.4055 0.9129 0.444 0.99993 

medi vs. doprox 1.6094 0.7746 2.078 0.41169 

meprox vs. doprox -21626.0 35109.33 -0.001 1.00000 

vece vs. doprox 0.6931 0.8660 0.800 0.99505 

vedi vs. doprox 1.7917 0.7638 2.346 0.25035 

veprox vs. doprox -0.6931 1.2247 -0.566 0.99958 

medi vs. mece 1.2040 0.6583 1.829 0.58885 

meprox vs. mece -22031.0 35109.33 -0.001 1.00000 

vece vs. mece 0.2877 0.7638 0.377 0.99998 

vedi vs. mece 1.3863 0.6455 2.148 0.36555 

veprox vs. mece -1.0986 1.1547 -0.951 0.98447 

meprox vs. medi -23235.0 35109.33 -0.001 1.00000 

vece vs. medi -0.9163 0.5916 -1.549 0.77991 
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vedi vs. medi 0.1823 0.4282 0.426 0.99995 

veprox vs. medi -2.3026 1.0488 -2.195 0.33573 

vece vs. meprox 22318.7 35109.33 0.001 1.00000 

vedi vs. meprox 23417.3 35109.33 0.001 1.00000 

veprox vs. meprox 20932.5 35109.33 0.001 1.00000 

vedi vs. vece 1.0986 0.5774 1.903 0.53540 

veprox vs. vece -1.3863 1.1180 -1.240 0.92533 

veprox vs. vedi -2.4849 1.0408 -2.387 0.22930 
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