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a b s t r a c t

Recently, Mozambique tilapia (Oreochromis mossambicus Peters, 1852) were listed on the IUCN Red List as
near-threatened as their populations are at risk due to hybridization. Another factor that potentially
contributes to their population decline is that they are regularly infected by the invasive parasitic
copepod anchorworm, Lernaea cyprinacea Linnaeus, 1758. Considering anchorworm-infected
Mozambique tilapia are common, understanding their condition with respect to infection is difficult
as uninfected fish from the same localities have been unavailable for comparison. A severe drought in
southern Africa has created hypersaline environments in the Phongolo River floodplain of north-eastern
South Africa, such that freshwater parasites cannot survive and uninfected fish are now found. To
determine how infection influences host health, infected and uninfected Mozambique tilapia were
collected before and during drought conditions, from Nyamiti pan of the Phongolo River floodplain.
Anchorworm-infected fish prevalence was recorded, and anchorworms were collected from hosts and
identified to the species level using molecular data of the 18S rRNA gene. For each fish, intensity of
anchorworm infection, total length, and weights of the gutted body, liver, spleen, and gonads were
recorded. Gutted condition factor, hepato-, spleeno-, and gonado-somatic index values per fish, and
prevalence of infection per collection were determined. A rapid health assessment was also conducted to
determine a health score for each fish. Molecular analyses confirmed the anchorworm studied was
L. cyprinacea. Prior to and during drought, prevalence of infection was 100%, and 0%, respectively. Before
drought, fish had significantly reduced hepato-, spleeno-, and gonado-somatic index values, and higher
health assessment scores, yet significantly higher gutted condition. Anchorworm intensity was indirectly
correlated with fish liver and gonad condition. This study demonstrates that host condition and health
varies greatly with respect to drought and infection, and provides the necessary data for follow-up
studies in post-drought conditions.
© 2017 Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The copepod, Lernaea cyprinacea Linnaeus, 1758, commonly
known as the anchorworm, is considered one of the most invasive
ectoparasites of freshwater fish. L. cyprinacea is a host generalist
(Shariff et al., 1986), and thrives in nearly all lentic freshwater
ecosystems (Demaree, 1967; Bulow et al., 1979; Medeiros and
Maltchik, 1999). Infection by this parasite has been associated
with reduced host weight, growth, and fecundity (Kabata, 1982,
).
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1985; Khan et al., 2003). Considering that the distribution of
anchorworm-infected fish is cosmopolitan (e.g. Avenant-Oldewage,
2012; Acosta et al., 2013; Sharifian, 2015), and the effects of infec-
tion on hosts can be severe (Woo and Shariff, 1990), L. cyprinacea
infection may negatively influence host dynamics at the individual,
population, and community level (Poulin, 1999; Mouritsen and
Poulin, 2002; Hudson et al., 2006).

The Mozambique tilapia (Oreochromis mossambicus Peters,
1852) is a freshwater omnivorous cichlid that can tolerate and
acclimate to brackish habitats and extreme temperatures
(Trewevas, 1983; Stickney, 1986; Uchida et al., 2000). Despite their
ability to adapt to a variety of environmental conditions, they are
listed as near threatened on the IUCN Red List (Cambray and
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Swartz, 2007). The contributing factor for assigning this species as
near threatened is that it frequently hybridises with alien tilapia
species such as Oreochromis niloticus Linnaeus, 1758 (D'Amato et al.,
2007; Zengeya et al., 2013). Fishing pressure by anglers and sub-
sistence fishers (e.g., Van der Waal, 2000) may also threaten this
species. Mozambique tilapia serve as an important protein sup-
plement to small scale farmers in rural South Africa and especially
in the Lower Phongolo region of northeastern KwaZulu-Natal
province, where these wild-caught fish are consumed on average
twice a week (Van den Berg, 2013; Coetzee et al., 2015). From
comparing historical and recent studies examining South African
fish abundance and diversity, Mozambique tilapia catches have
declined from approximately 90% to 65% over the last 2 decades
(Merron et al., 1993; de Swardt, 2015). Given the ecological and
socioeconomic importance of Mozambique tilapia, a better under-
standing of their health and condition is warranted to aid in their
management and to inform future environmental assessments
(Retief et al., 2016).

There is a paucity of available data on wild-caught Mozambique
tilapia, L. cyprinacea, and their interactions within the hosts' native
range in South Africa. Information on this host-parasite interaction,
and in particular how infection influences host condition is limited
because L. cyprinacea prevalence is commonly reported as 100% and
intensity of infection is consistently high throughout the year (Dalu
et al., 2012). Thus, collecting uninfected fish to serve as a standard
for host condition and health has been a logistical challenge.
Another challenge to studying this host-parasite interaction is that
L. cyprinacea infecting Mozambique tilapia have only been identi-
fied usingmorphological techniques (Demaree,1967; Robinson and
Avenant-Oldewage, 1996). Confirmation of the anchorworm spe-
cies using molecular tools could provide an alternative and quan-
titative means of parasite identification, which would help insure
the correct species of anchorworm is under study. This is especially
important since there are at least 16 native Lernaea species re-
ported from Africa (Oldewage and Avenant-Oldewage, 1993), and it
is critical to know the exact species being examined. Considering
the lack of available data, it is not surprising that anchorworm
infection has not been evaluated as a potential factor contributing
to the conservation status of Mozambique tilapia.

Since 2014 (to present, 2017), South Africa has been under
drought conditions (Humphries and Baldwin, 2003; El Chami and
El Moujabber, 2016). One effect of drought is that freshwater and
brackish environments become hypersaline due to reduced water
flow and rain input (Bond et al., 2008). Currently, floodplain pans of
the Phongolo River in the northeastern KwaZulu-Natal province of
South Africa have low to no flow, and are at record minimal depths
and hypersaline (Dube et al., 2017). From previous hydrological
studies of this floodplain, the total inundated area immediately
following a flood is approximately 10,265 ha, and within 6 weeks,
only 25% of the inundation remains and reaches a series of discrete
lakes and channels (Merron et al., 1993). A historical two-year
drought (1982e1884) left only 5% of the floodplain inundated
(White et al., 1984), and this disturbance greatly influenced the
overall fish diversity and abundancewithin this ecosystem (Merron
et al., 1993). The effect of this drought on the spatial and temporal
patterns of parasite diversity and abundance were not reported
(Merron et al., 1993). The lack of these data demonstrates that the
importance of parasites in ecosystem dynamics was not well-
understood during the time at which the Merron et al. (1993)
study was conducted. The significance of parasites in ecosystem
dynamics has only become recognized and increasingly studied
within the last two decades (Marcogliese, 2003; Lafferty et al.,
2008; Dunne et al., 2013; Britton, 2013).

A recent comprehensive study on the ecology and biodiversity
of the lower Phongolo River and associated floodplains reported
that the number of observations of anchorworm-infected fish in the
floodplain pans of the Phongolo River has recently declined (Smit
et al., 2016), and this is likely associated with the indirect effects
of drought. Lernaea cyprinacea intensity has been positively corre-
lated with dissolved oxygen and pH (Dalu et al., 2012), and the
reduced prevalence of anchorworm-infected fish is likely related to
hypersalinewater. Hypersalinity can subject freshwater parasites to
osmotic shock, which they cannot tolerate, and this is a common
treatment method to remove them from fish hosts (Stoskopf, 1993;
Noga, 1996).

We hypothesize that the effects of the current droughtmay have
induced a natural parasite removal treatment in the Nyamiti
floodplain pan of the Phongolo River, thereby providing an oppor-
tunity to sample anchorworm-infected and uninfected
Mozambique tilapia. Thus the objectives of this study were three-
fold: (1) to identify the Lernaea spp. infecting Mozambique tilapia
using molecular analyses and quantify their prevalence before and
during drought; (2) to compare the health and condition of infected
and uninfected Mozambique tilapia before and during drought, and
(3) to determine if there were any significant correlations between
the abundance of alien invasive anchorworm, L. cyprinacea,
infecting hosts and host health/condition.

2. Materials and methods

2.1. Description of study area and sampling methodology

Nyamiti pan forms part of the extensive floodplain of the lower
Phongolo River and is situated in the Ndumo Game Reserve, close to
the South Africa-Mozambique border, and 65 km downstream of
the Pongolapoort dam (S26�530029.70, E32�170030.90) (Fig.1). Nyamiti
pan is the second largest panwithin the borders of the reserve, and
is a perennial panwith a sandy substrate andmud bottom. This pan
is 1 me1.5 m deep during base flow periods, and it sits on a marine
cretaceous bed, such that the groundwater is typically saline.
During low water flow, hypersalinity occurs as salts will leach from
the ground more easily than during high water flow (South African
Wetlands Conservation Programme, 1996).

Oreochromis mossambicus were collected before the drought in
September 2013, and during the drought period in August 2016. In
2013, fish were caught using a 35 m seine net, and in 2016, fish
were caught using a cast net. To determine the salinity of the
Nyamiti pan at the time of collection, the conductivity of a depth-
integrated water sample was measured using an AZ water quality
meter (Model 8602 handheld IP67) with a combination pH, con-
ductivity and dissolved oxygen meter. Following collection, all fish
were immediately transported in an aerated 80 L thermally-
insulated plastic container filled with water from the pan to a
mobile field station inside Ndumo Game Reserve. In preparation for
the host condition and health assessment index analyses (see
below), the fish were humanely euthanized by severing the spinal
cord (McHugh et al., 2011; Gerber et al., 2017). Anchorworms were
removed with forceps from host fish and preserved in 80% ethanol
for molecular analyses. This study received the relevant ethical
approval (North-West University ethics approval no: NWU-00440-
16-S5).

2.2. Molecular identification of Lernaea cyprinecea

Ethanol-preserved samples (n ¼ 2) were used for molecular
work. Genomic DNA was extracted from the samples using a rapid
DNA extraction method as detailed in the KAPA Express Extract Kit
(Kapa Biosystems, Cape Town, South Africa). Polymerase chain re-
actions (PCR) were used to amplify a 900 nt fragment of the 18S
rRNA gene using the primer sets 1F and 5R (see Giribet et al., 1996).



Fig. 1. Map of Nyamiti pan situated on the Phongolo River floodplain.
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PCR was performed with volumes of 25 ml, using 12.5 ml Thermo
Scientific DreamTaq PCR master mix (2�) (2�DreamTaq buffer,
0.4 mM of each dNTP, and 4 mMMgCl2), 1.25 ml of each primer, and
1 ml DNA. The final reaction volume was made up with PCR-grade
nuclease free water (Thermo Scientific, Vilnius, Lithuania). The
PCR reactions were carried out using a ProFlex™ PCR thermal cycler
(applied biosystems by life technologies), following the PCR con-
ditions as detailed in Boyer et al. (2007). PCR products were sent to
a commercial sequencing company (Inqaba Biotechnical Industries
(Pty) Ltd, Pretoria, South Africa) for purification and sequencing in
both directions. Resultant sequences were assembled, and
chromatogram-based contigs were generated and trimmed using
Geneious Ver. 9.1.

Based on molecular evidence, 18S rDNA sequences were iden-
tified as Lernaea cyprinacea using the Basic Local Alignment Search
Tool (BLAST) (http://www.ncbi.nlm.nih.gov/blast). Uncorrected
pair-wise distances (p-distance) and base pair differences were
determined with the MEGA7 bioinformatics software program
(http://www.megasoftware.net). The sequences obtained in the
current study were aligned and compared to all available 18S rDNA
sequences of L. cyprinacea [Genbank: DQ107554 - DQ107557;
KM281816; KP235363; KX258625] (Table 1). The analysis involved
eight nucleotide sequences with an alignment length of 618 nt. All
positions with less than 95% site coverage were eliminated. That is,
fewer than 5% alignment gaps, missing data, and ambiguous bases
were allowed at any position. A single sequence was deposited in
the NCBI GenBank database under the accession number:
KY435939.

2.3. Condition scoring and health assessment indices

Standard morphometric data were collected to assess various
condition factors. For each fish, total length (mm) and weight (g) of
the gutted body were obtained using a standard ruler and digital
calibrated lip-grip scale (Berkley, United States of America).
Weights of the liver, spleen, and gonads were determined with the
aid of a R200D Sartorius research scale (Zeiss, West Germany).
Using these data, gutted condition factor (GCF), and the hep-
atosomatic (HSI), spleenosomatic (SSI), and gonadosomatic (GSI)
indices were calculated following McHugh et al. (2011). The total
length of fish collected in 2013 and 2016were significantly different
(df ¼ 1, chi-sq ¼ 6.929, p ¼ 0.009). Accordingly, for statistical an-
alyses, HSI, SSI, and GSI were standardized for the total length of the
fish, such that it was [(organ weight (g)/gutted body weight (g))

http://www.ncbi.nlm.nih.gov/blast
http://www
http://megasoftware.net


Table 1
List of partial 18S rDNA sequences from Lernaea cyprinacea used for molecular analysis, with accession numbers, host species, country, locality and references.

Accession number Species Host Country Locality Reference

KY435939 L. cyprinacea Oreochromis mossambicus South Africa Nyamithi Pan Current study
DQ107554 L. cyprinacea Hemiculter leucisculus China Dangjiangkou Song et al., 2008
DQ107555 L. cyprinacea Cultrichthys erythropterus China Dongxi Lake Song et al., 2008
DQ107556 L. cyprinacea Cyprinus carpio China Dongxi Lake Song et al., 2008
DQ107557 L. cyprinacea Opsariichthys bidens China Dangjiangkou Song et al., 2008
KM281816 L. cyprinacea Cyprinid fish Iran n/a Unpublished
KP235363 L. cyprinacea Plecoglossus altivelis Japan Shonai River Yoshimine et al., 2015
KX258625 L. cyprinacea Carassius auratus Egypt n/a Unpublished
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*100]/total length (mm).
Concurrent with the condition factor data collection, a rapid

health assessment, designed to measure fish health and condition
in the field, was conducted following Heath et al. (2004). Using this
protocol, the health assessment index (HAI) scores of each fishwere
determined. This assessment included observations and rank
scores of the condition of the eyes, skin, fins, opercules, gills, liver,
spleen, hindgut, and kidney. Somemodifications to this assessment
were made. Only blood-related variables, heamatocrit and plasma
protein, were included. Pseduobranch conditionwas not applicable
and excluded. Parasite condition was scored following the rank
system from Adams et al. (1993) such that ranks combined counts
of ecto- and endo-parasites. Following Heath et al. (2004), parasite
intensity was scored as none (0 parasites), few (1e10 parasites),
moderate (11e20 parasites), and numerous (�21 parasites), and
assigned 0, 10, 20, 30 values, respectively. The HAI score of each fish
was calculated from the sum of the rank scores from each HAI
factor. Increasing HAI scores are associated with declining health.
The prevalence of anchorworm-infected fish per year, and the
number of anchorworm infections per fish, hereafter referred to as
anchorworm intensity, were also recorded for later analyses.
2.4. Statistical analyses

To describe the health of fish, the average ± 1. s.d. for GCF, HSI,
SSI, GSI, and HAI values were calculated once for data collected
prior to drought, and once for data collected during drought, as
prevalence of infected fish was 100% before drought, and 0% during
drought. To better describe differences in fish health before and
during drought, themode and range of rank scores for each variable
are also reported.

To determine if there was a relationship between fish condition
and health, and the drought period, individual generalized models
were calculated. The dependent variables were the condition factor,
organosomatic index (GCF, HSI, SSI, GSI) and HAI values. The in-
dependent variable was drought period, and categorized into two
levels, before and during drought. All dependent variables met the
assumptions of a normal distribution by infection status except GCF
and GSI. The GCF and GSI were log transformed to meet the as-
sumptions of a normal distribution.

To examine if there were associations between anchorworm
intensity and GCF, HSI, SSI, GSI, and HAI, individual generalized
linear models were calculated using the before drought data, where
the dependent variable was the standardized condition factor,
organosomatic index (GCF, HSI, SSI, GSI) or HAI value, and the in-
dependent variable was anchorworm intensity. For the dependent
variables that were significant predictors of anchorworm intensity,
Pearson correlation coefficients were determined.
3. Results

3.1. Molecular identification of Lernea cyprinecea

The BLAST results from the 18S rDNA sequence fragment
(932 nt) obtained in the current study revealed a 99e100% identity
to all the available 18S rDNA sequences of L. cyprinacea [Genbank:
DQ107554 - DQ107557; KM281816; KP235363; KX258625] from
the GenBank database. Additionally, the genetic comparisons (un-
corrected p-distance and base pair differences) based on a 618 nt
alignment length confirmed that the Lernaea species from the
current study was L. cyprinacea [GenBank:] (Table 2).
3.2. Fish condition, organosomatic indices and health assessment
index scores

In September 2013, 13 O. mossambicus (178.095 mm ± 40.626
s.d.; 103.327 g ± 85.404 s.d.) were collected from water with a
conductivity of 2.15 mS/cm. In August 2016, 16 O. mossambicus
(148.563 mm ± 19.054 s.d.; 41.490 g ± 18.480 s.d.) were collected
from water with a conductivity of >13 mS/cm. Before drought, all
fish were infected with anchorworms, and the average anchor-
worm intensity was 22 anchorworms ± 10 s.d. (Fig. 2). During
drought, none of the fish collected were infected (Fig. 2). With the
exception of GCF, uninfected fish collected during drought were in
better health than infected fish collected before drought. On
average, compared to fish collected during drought, fish collected
before drought had a 0.033 greater GCF value and an HSI value that
was approximately 50% less. The SSI values of all fish were similar.
The average GSI value for fish collected prior to drought was 6% that
of fish collected during drought (Fig. 3). The average HAI scores for
fish collected before and during drought were 110.476 ± 10.235 s.d.
and 34.375 ± 5.123 s.d., respectively. The mode score for fish
collected pre-drought was 3.67 times greater than that of fish
collected during drought (Table 3), indicating that fish collected
pre-drought were considered in poorer health relative to those
collected during drought.
3.3. Relationships among drought period and condition,
organosomatic indices, and health assessment index scores

Drought (which was tied to the presence/absence of anchor-
worms) was a significant predictor of GCF, HSI, SSI, GSI, and HAI
(Table 4). Prior to drought when anchorworm-infected fish were
collected, anchorworm intensity was only a significant predictor for
HSI and GSI, and trended towards significant for the HAI (Table 4).
HSI and GSI values decreased with increasing anchorworm in-
tensity, but the strength of these relationships were weak (HSI,
r2 ¼ 0.294; GSI, r2 ¼ 0.397).



Fig. 2. A) Lernaea cyprinacea infecting Oreochromis mossambicus. B) O. mossambicus skin damage from L. cyprinacea infection, before drought. C) Uninfected O. mossambicus, during
drought.

Table 2
Matrix showing ranges for uncorrected p-distances per site between sequences (below diagonal) and ranges for nucleotide differences per site between sequences (above
diagonal). Alignment length 618 nt. The bolded species indicates the sequence is from the current study.

Species 1. 2. 3. 4. 5. 6. 7. 8.

1. KY435939 Lernaea cyprinacea 1 1 1 0 0 0 0
2. DQ107554 Lernaea cyprinacea 0.00 0 0 1 1 1 1
3. DQ107555 Lernaea cyprinacea 0.00 0.00 0 1 1 1 1
4. DQ107556 Lernaea cyprinacea 0.00 0.00 0.00 1 1 1 1
5. DQ107557 Lernaea cyprinacea 0.00 0.00 0.00 0.00 0 0 0
6. KM281816 Lernaea cyprinacea 0.00 0.00 0.00 0.00 0.00 0 0
7. KP235363 Lernaea cyprinacea 0.00 0.00 0.00 0.00 0.00 0.00 0
8. KX258625 Lernaea cyprinacea 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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4. Discussion

4.1. Molecular confirmation of Lernaea cyprinacea

This study provides the first molecular data of the invasive
copepod L. cyprinacea from South Africa and confirms the species
identity as L. cyprinacea. Genetic comparisons of 18S rDNA se-
quences from the current study were compared to all the available
18S rDNA sequences from the GenBank database (see Table 1),
including a sequence of L. cyprinacea [GenBank: DQ107556] from
the type host, Cyprinus carpio from China (see Song et al., 2008;
McAllister et al., 2015). Although L. cyprinacea has a cosmopolitan
distribution, very limited molecular data from individuals in the
native (including the type locality, Europe) and invasive ranges are
available. Thus, the current study provides molecular data for
future studies examining the confirmation, identification, and dis-
tribution of this parasite species across its type locality, native and
invasive ranges.
4.2. Lernaea cyprinacea infection and Mozambique tilapia health
and condition

This study is the first to evaluate the associations between
drought condition, anchorworm infection, and the health of wild
Mozambique tilapia, and the first to do so by examining the
changes in health of a fish population that was subjected to a
natural experimental parasite removal treatment associated with
the current drought conditions. Drought can subject fish to a
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Fig. 3. Mean ± 1 s.d. condition factor, somatic indices, and health assessment index
values from raw data for Lernaea cyprinacea infected and uninfected Oreochromis
mossambicus. All infected fish were collected prior to drought in 2013 and indicated in
dark gray. All uninfected fish were collected during drought in 2016 and indicated in
light gray. GCF ¼ gutted condition factor, HSI ¼ hepatosomatic index,
SSI ¼ spleenosomatic index, and GSI ¼ gonadosomatic index. The mean value of each
variable is reported above the corresponding bar.

Table 3
The mode score and range for each HAI value and the total index value by infection
and drought period. HAI values increase with decreasing health.

HAI Variable Before drought
(Anchorworm
present)

During drought
(Anchorworm
absent)

Mode Range Mode Range

Eyes 0 0 0 0
Skin 30 0 10 0
Fins 20 0 0 0
Opercules 0 0 0 0
Gills 10 10 0 0
Liver 10 0 0 0
Spleen 10 0 0 0
Hindgut 0 0 0 0
Kindney 0 0 0 0
Haematocrit 0 10 10 0
Blood plasma 0 10 10 0
Parasites 30 0 10 10

Total Index Value 110 40 30 10
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variety of abiotic and biotic stressors (Magoulick and Kobza, 2003;
Matthews and Marsh-Matthews, 2003; Crook et al., 2010), thereby
negatively and indirectly influencing their health and condition.
Parasitism can also negatively influence the health and condition of
fish (e.g. Berry Jr. et al., 1991; Paperna, 1996; Barber et al., 2000).
Generally, fish collected before drought were in reduced health
despite inhabiting a more typical floodplain pan ecosystem,
Table 4
Results of the generalized linear models (GLM) conducted for the response variables, GCF
GSI ¼ gonadosomatic index, and HAI ¼ Health Assessment index. Separate GLMs were con
the p ¼ 0.05 level.

Independent Variable Re

G

Drought (Before/During Drought) Df 1
Х2 value 27
P value 0.

Anchorworm Intensity (Before Drought Data Only) Df 1
Х2 value 0.
P value 0.
whereas those collected during drought were in better health
despite living in a drought-effected system, where water quality
and access to resources are greatly altered (Lake, 2003; Balcombe
et al., 2005). The most conspicuous difference between fish
collected before and during drought, was that all fish collected
before drought were infected with anchorworms, whereas all fish
collected during drought were not infected with anchorworms.
Thus it is likely that anchorworm infection contributed to the
reduced health and condition of Mozambique tilapia.

Relative to uninfected fish, infected fish had reduced hep-
atosomatic condition yet higher gutted condition, and inhabited a
more resource rich environment (Carrasco et al., 2012; Dyer et al.,
2013; Dube et al., 2017). Both hepatosomatic and gutted condi-
tion factors of fish are indicators of the quality and availability of
their prey resources, as these organs both store energy. The rate at
which energy is metabolized varies with respect to the organ and a
hosts' infection status. Fish hosts more readily use energy from the
liver than muscle (de la Higuera et al., 1999; de la Higuera, 2001),
and parasitesmay process host nutrients from different host tissues
at different rates (Demopoulos and Sikkel, 2015; Welicky et al.,
2017, in press). Thus, the hepatosomatic and gutted condition re-
sults of this study are neither surprising nor contradictory. The
reduced liver condition of infected fish likely reflects the short-
term effects of infection, where hosts are metabolizing lipid and
carbohydrate more readily than protein (de la Higuera et al., 1999;
de la Higuera, 2001). Declines in glycogen levels have been corre-
lated with reduced liver size in previous studies (Maes et al., 2005;
Gerber et al., 2017), and Barber (2005) determined that copepod
parasite infection reduced fish liver size. The higher gutted condi-
tion of infected fish likely reflects that changes in gutted condition
with respect to parasite infection occur over a longer duration of
time as compared to changes in hepatosomatic condition. More-
over, higher gutted condition of infected fish may reflect that prey
resources were different, more readily available for hosts to intake,
and/or easier to locate, if overall water quality and turbidity were
better before drought as compared to during drought (Semyalo
et al., 2011; Dyer et al., 2013). Further analyses that account for
the duration of anchorworm infection and regularly monitor
changes in water quality would aid in a more complete under-
standing of temporal changes in host condition that are associated
with drought and infection.

Since infected fish had reduced short-term energetic reserves, it
is likely that they had less energy to allocate towards reproduction
(Hall et al., 2007; Heins et al., 2014). This may explain the reduced
gonad condition of anchorworm-infected Mozambique tilapia that
we observed. Reduced fecundity of fish in association with para-
sitism is well-documented (e.g. Lafferty and Kuris, 2009; Fogelman
et al., 2009), and the fish gonad condition and associated correla-
tion analyses conducted in this study support these previous
findings. Nevertheless, Barson et al. (2008) did not find a correla-
tion between L. cyprinacea intensity and Mozambique tilapia gonad
¼ gutted condition factor, HSI ¼ hepatosomatic index, SSI ¼ spleenosomatic index,
ducted for each independent variable. Bold values indicate statistical significance at

sponse Variable

CF HSI SSI GSI HAI

1 1 1 1
.250 30.454 5.823 31.491 56.032
000 0.000 0.016 0.000 0.000

1 1 1 1
064 4.179 0.021 3.965 3.126
800 0.041 0.885 0.018 0.077
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condition in Zimbabwean river impoundments, despite having a
similar sample size. These contrasting results may highlight the
natural variability that occurs as a result of site and individual fish
differences (e.g. Barber et al., 2000; Blanchet et al., 2010). In this
study, the reduced gonad condition but higher gutted condition of
infected fish compared to uninfected fish may demonstrate an
energetic trade-off between growth and maintenance, and repro-
ductive effort (Tytler and Calow, 1985; Wootton, 1985; Mangel and
Stamps, 2001).

Although our statistical analyses suggest uninfected fish had
reduced spleen condition compared to infected fish, the recorded
observations on spleen condition suggest this is not the case. All
uninfected fish had spleens that were normal in size and not
swollen, and some of the infected fish had spleens that were
enlarged and swollen. Both smaller and larger spleens may be
indicative of infection (Adams et al., 1993; Kortet et al., 2003), and
large spleens may be positively associated with a fish's immune
response to infection, and overall reduced condition (Kortet et al.,
2003; Ottov�a et al., 2005; Lamkov�a et al., 2007). Our confounding
spleen condition statistical analyses may suggest uninfected fish
are also responding to infection, but this infection is likely not
parasite related. The severity of this unknown infection may be less
than that of anchorworm infection given that low haematocrit
values are associated with disease (Adams et al., 1993), and infected
fish had lower haematocrit values than uninfected fish.

The overall HAI values indicated that infected fish were in
significantly poorer health than uninfected conspecifics. There was
also a positive correlation between HAI value and anchorworm
intensity, but this result was not statistically significant. This may
be an artefact of small sample size, as the majority of our obser-
vations provide support for this relationship. For example,
compared to uninfected fish, the frequency and intensity of skin
lesions and fin fraying was greater for infected fish. Moreover, the
gills, liver, and spleen were discoloured in infected fish. Such ab-
errations are typical of anchorworm-infected fish (Berry Jr. et al.,
1991; Avenant-Oldewage, 2012; Hangan et al., 2013). Interest-
ingly, the haematocrit and blood plasma health assessment scores
of uninfected fish were consistently greater or equal to that of
infected fish. High haematocrit values and low plasma protein
concentrations in fish are associated with dehydration and
impaired water balance (Wedemeyer and Yasutake, 1977; Novotny
and Beeman, 1990). Although laboratory studies have demon-
strated that short-term (hours to 1 month) exposure to hypersa-
linity does not influence the blood parameters of aquaculture
reared tilapia (Sardella et al., 2004; Kammerer et al., 2010), studies
examining the chronic (months to years) and natural exposure of
wild Mozambique tilapia to hypersalinity for a period of months to
years have not been conducted. It is likely that the higher scores of
uninfected fish are in part a physiological response to living in a
hypersaline environment for an extended period of time, but long-
term studies are necessary to validate this postulate.

5. Conclusions

Studies associated with drought are often constrained with
regards to sample size and data collection. Whereas before drought
data are often overlooked as their relative importance in studies
related to drought are unforeseen, the collection of data after
drought can be difficult to plan for and obtain (e.g. Crook et al.,
2010; Lake, 2011). In this study, we examined before drought and
during drought data. Post drought data are not yet possible to
collect. Although this study is unique in the fact that it has both
before and during drought data, the dataset is confounded because
of drought. The hypersaline conditions associated with drought,
resulted in the collection of only infected fish before drought, and
only uninfected fish after drought. Thus, this study had a natural
sampling bias and limited our ability to examine the effects of
infection on host condition without the confounding variable of
drought. Nevertheless, anchorworm infection in southern Africa is
pervasive and observing uninfected fish under more typical hy-
drological regimes is challenging (Dalu et al., 2012). Accordingly,
while this study has sampling bias, the effects of drought provided
an opportunity to locate uninfected fish. If anchorworms return
post drought, then complementary laboratory experiments would
be worthwhile to determine to what extent changes in salinity,
anchorworm intensity, and resource availability directly influence
Mozambique tilapia condition.

Thus, this is the first study to determine the associations be-
tween wild native Mozambique tilapia health and condition,
drought, and invasive L. cyprinacea infection, and to confirm using
molecular data that the parasite examined is L. cyprinacea. Notably,
this is also the first report on the localized ‘disappearance’ of an
alien fish parasite in association with drought condition. The
baseline data presented herein can be used in future studies
examining the potential re-establishment of L. cyprinacea and its
effects on host health and condition.
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