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Abstract 20 

Predation is a critical factor that mediates population stability, community structure and 21 

ecosystem function. Predatory natural enemies can contribute to the regulation of disease vector 22 

groups such as mosquitoes, particularly where they naturally co-occur across landscapes. 23 

However, we must understand inter-population variation in predatory efficiency if we are to 24 

enhance vector control. The present study thus employs a functional response (resource use 25 

under different densities) approach to quantify and compare predatory interaction strengths 26 

among six populations of a predatory temporary pond specialist copepod, Lovenula raynerae, 27 

from the Eastern Cape of South Africa preying on second instar Culex pipiens complex mosquito 28 

larvae. All individuals from the sampled populations were predatory and drove significant 29 

mortality through per capita predation rates of 0.75 – 1.10 mosquitoes hour-1 at maximum 30 

densities over a five hour feeding time. Individuals from all copepod populations exhibited Type 31 

II functional responses with no significant differences in attack rates. On the other hand, there 32 

were significant differences in handling times, and therefore also maximum feeding rates 33 

(maximum experimental prey density: 32), suggesting possible genetic differences among 34 

populations that influenced predation. Owing to a widespread distribution in arid landscapes, we 35 

propose that predatory calanoid copepods such as L. raynerae play a key regulatory role at the 36 

landscape scale in the control of disease vector mosquito populations. We propose that these 37 

ecosystems and their specialist biota should thus be conserved and enhanced (e.g., via selective 38 

breeding) owing to the ecosystem services they provide in the context of public health. 39 
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Introduction 43 

Predation is a key biotic process that plays a pivotal role in the linking of food webs, stability of 44 

populations and the structuring and functioning of communities (Paine, 1980; Levi and Wilmers, 45 

2012; Wasserman et al., 2013). The strength of such trophic interactions – hereafter interaction 46 

strength – facilitates quantification of a given predatory effect on prey (Gilbert et al. 2014). For 47 

natural enemies, interaction strength quantifications can allow for predictive inferences of 48 

regulatory impacts on target populations (Cuthbert et al. 2018a; Buxton et al. 2020). Mosquitoes 49 

comprise one such target species group, whereby predatory fish and invertebrate species have 50 

been examined in the context of population control (Roux and Robert, 2019). Owing to the 51 

enormous scale of public health risks driven by the vectoring of pathogens and parasites by 52 

mosquito species, this group has been the focus of much study (Benelli and Mehlhorn, 2016).  53 

The functional response of consumers, i.e. the per capita rate of resource use by a consumer as a 54 

function of resource density per unit time, has been traditionally quantified to infer interaction 55 

strengths non-linearly between predators and prey (or in other consumer-resource systems) 56 

(Holling, 1959; Murdoch and Oaten, 1975). In this context, three common forms of functional 57 

response have been considered, with each pertaining, theoretically, to different outcomes for 58 

consumer-resource stability (Holling 1959): Types I (density-independent; linear), II (inversely 59 

density-dependent; hyperbolic) and III (positively density-dependent; sigmoidal). The functional 60 

response of consumers is often context-dependent owing to environmental parameters such as 61 

temperature (Englund et al. 2011) and biotic contexts such as non-trophic interactions (Sentis 62 

and Boukal, 2018). Recently, spatial context-dependencies of ecological impact have also been 63 

assessed at intra- and intercontinental scales (Howard et al. 2018; Boets et al. 2019), where 64 

differential interaction strength among regions can be paralleled with in-field predatory impacts. 65 



However, whether such phenomena could alter natural enemy impacts among populations lacks 66 

examination for vector control. 67 

Temporary ponds are excellent model systems to test ecological theory (De Meester et al. 2005). 68 

At the landscape scale, temporary pond ecosystems represent discrete habitat patches that often 69 

lack connectivity, with populations in individual ponds subject to different evolutionary lineages 70 

and genetic structuring (Jooste, 2018). Recently, calanoid copepods from temporary ponds have 71 

been proposed as important natural enemies of mosquitoes and potential biological control 72 

agents (Cuthbert et al. 2018b). However, whether the strength of their trophic interactions 73 

towards larval mosquito prey, such as species within the Culex pipiens complex which colonise 74 

temporary ponds (Ogbeibu, 2001), differs geographically among populations remains 75 

unexamined. The presence of population-level differences could allow for optimisation of 76 

biological control approaches through, for example, selective breeding of agents. The present 77 

study thus uses a functional response approach to quantify interaction strengths of a temporary 78 

pond specialist copepod towards larvae of mosquitoes which vector pathogens and parasites, 79 

with predator populations systematically sourced from multiple aquatic habitats across an arid, 80 

subtropical landscape. 81 

 82 

Methods 83 

Adult Lovenula raynerae Suárez-Morales, Wasserman, Dalu 2015 from its native range (Suárez-84 

Morales et al., 2015) were collected from six ephemeral ponds in the Eastern Cape province 85 

[Peddie (Population 1: 33°12'46.9"S 27°20'11.2"E), Mosslands (Population 2: 33°24'37.3"S 86 

26°24'56.9"E), Makhanda (Population 3: 33°16'48.1"S 26°35'39.8"E), Southwell (Population 4: 87 



33°21'29.3"S 26°33'47.3"E), King William’s Town (Population 5: 32°53'59.0"S 27°18'22.4"E), 88 

Alice (Population 6: 32°48'35.5"S 26°45'53.1"E)] of South Africa using a 200 μm mesh net. 89 

These systems ranged from 9 km to 100 km apart, within a total sampling region area of 3,400 90 

km2 (Table 1). All sampled ponds were in hydroperiod at the time of study, and we sampled at a 91 

similar time (i.e., within one week of one another). Samples collected were transported in source 92 

water to a controlled environment room at Rhodes University Department of Zoology and 93 

Entomology, Makhanda (formerly Grahamstown). Adult males (total length range: 4 – 5 mm) 94 

were maintained separately according to population at 25 ± 1 °C under a 14:10 light:dark regime 95 

for 72 h, first fed C. pipiens complex larvae ad libitum for 48 h to standardise prey exposure, and 96 

then starved for the final 24 h in continuously aerated 30 L tanks containing dechlorinated tap 97 

water. Size-matched adult male copepods were selected for experimentation to standardise 98 

predator characteristics as much as possible. As skewed sex ratios can develop in ephemeral 99 

pond copepod populations (Wasserman et al. 2018), and gravid female copepods are more 100 

voracious than males (Cuthbert et al. 2019), we opted to remove this natural variation from our 101 

study. The focal prey, C. pipiens complex mosquitoes, were cultured using egg rafts collected 102 

from artificial containers on the university campus, and reared to the desired size class in the 103 

same controlled environment room (see before) using a diet of crushed rabbit pellets (Agricol, 104 

Port Elizabeth), supplied ad libitum. Mosquitoes were identified following Jupp (1996). Second 105 

instar C. pipiens complex (mean length ± SE: 2.58 ± 0.10 mm) were established at five prey 106 

densities (2, 4, 8, 16, 32; n = 4 per density) in 80 mL arenas of 5.6 cm diameter containing 107 

dechlorinated tap water from a continuously aerated source, two hours before the addition of 108 

predators (one per experimental arena). Feeding experiments were undertaken using individuals 109 

separately from each predator population across different prey densities (i.e., 6 populations × 5 110 



densities × 4 replicates), resulting in 120 experimental units with predators present. Once added, 111 

the predators were allowed to feed undisturbed for 5 h during light conditions, after which time 112 

they were removed and remaining prey counted to derive numbers killed. Pilot studies indicated 113 

that this experimental duration was sufficient for asymptotic declines in feeding rates given the 114 

experimental prey densities used, thus allowing functional response models to be fit. Controls 115 

consisted of five replicates at each density without predators to quantify background prey 116 

mortality rates. 117 

All statistical analyses were conducted in R v3.4.4 (R Core Team, 2018). Functional response 118 

(FR) analyses were undertaken using the ‘frair’ package in R (Pritchard et al. 2017). Logistic 119 

regression of proportion of prey consumed as a function of prey density was used to infer 120 

functional response types. A Type II functional response is characterised by a significantly 121 

negative first order term, whilst a Type III functional response is characterised by a significantly 122 

positive first order term followed by a significantly negative second order term (Juliano, 2001). 123 

As prey were not replaced as they were consumed, we fit Rogers’ random predator equation for 124 

depleting prey densities (Rogers, 1972):  125 

𝑁𝑒 = 𝑁0(1 − exp(𝑎(𝑁𝑒ℎ − 𝑇))) 126 

Eqn. 1. 127 

where Ne is the number of prey eaten, N0 is the initial density of prey, a is the attack constant 128 

(volume per unit time), h is the handling time (time per prey item) and T is the total experimental 129 

period. The Lambert W function was used to solve the model (Bolker, 2008). Functional 130 

responses parameters (attack rate, handling time) were then non-parametrically bootstrapped (n = 131 

2000 per parameter/group) and compared visually via 95 % confidence intervals, whereby 132 



confidence interval convergence indicates non-significant differences among parameters, and 133 

divergence indicates significant differences.  134 

 135 

Results 136 

No prey died in controls and so prey mortality during the experiment was assumed to result from 137 

predation by calanoid copepods. Type II functional responses were evidenced from each 138 

population, owing to significantly negative first order terms (Table 2; Figure 1). Functional 139 

response attack rate and handling time parameters were estimated significantly from copepod 140 

predation within each population, with the borderline exceptions of attack rates from populations 141 

3 and 5 (Table 2). Attack rates did not differ significantly among populations as confidence 142 

intervals always overlapped (Figure 2a). Handling times were also statistically similar among 143 

several populations owing to extensive confidence interval overlaps (Figure 2b). However, 144 

handling times from Population 3 (Makhanda) were significantly longer than Population 1 145 

(Peddie) and 6 (Alice), owing to confidence interval divergence. Reciprocally, maximum feeding 146 

rates (1/h) by copepods were thus significantly higher for Populations 1 and 6 compared to 147 

Population 3 (Table 2; Figure 1).  148 

 149 

Discussion 150 

Predatory interaction strengths by an important mosquito natural enemy were shown in this study 151 

to be dependent on population-level context at the landscape scale. All populations consistently 152 

displayed hyperbolic Type II functional responses irrespective of their source, whereby predation 153 

rates were high at low resource densities. Accordingly, the efficacy of L. raynerae as a natural 154 



enemy of larval C. pipiens complex mosquitoes, and probably other mosquito species, appears to 155 

be widespread geographically within its native and endemic range (southern Africa), where it 156 

imparts very little low-density refuge to larval mosquito prey. Whilst attack rates (initial 157 

functional response slope) were not significantly different among population, significant 158 

differences in handling times among predatory populations were emergent (inversely, functional 159 

response asymptotes). In turn, this mediated significant differences in maximum feeding rates, 160 

which were highest in Populations 1 (i.e. Peddie) and 6 (i.e. Alice). These inter-population 161 

differences could be harnessed to improve biological control of mosquitoes through, for 162 

example, population-specific applications, as well as through the development of breeding 163 

lineages from high impact populations. Whilst the specific drivers of these differences remain 164 

unclear, they could be caused by genetic differences between populations that influence 165 

predatory efficacies. In a study on the genetic connectivity of L. raynerae in the study region, 166 

Jooste (2018) showed that there was a connectivity break in the Makhanda region for the species, 167 

and that genetic structure of populations could vary between ponds separated by only a few 168 

metres. These results highlight the importance of considering different populations for species 169 

characterised by potentially isolated meta-communities. Nevertheless, various other factors may 170 

also be of importance in driving mosquito control at the population-level, such as predator 171 

abundance, fecundity, prey characteristics and wider community composition (Cuthbert et al. 172 

2018a, 2019). Regardless, we propose that the regulatory efficacy of this calanoid copepod 173 

towards larval mosquitoes is geographically widespread in its native range, yet per capita 174 

interaction strengths may differ among populations.  175 

Specialist temporary wetland organisms such as L. raynerae are adapted to withstand both wet 176 

and dry periods, with the ability to produce drought-resistant eggs which are dormant between 177 



hydroperiods (Wasserman et al. 2016). Rapid maturation in these ecosystems could enable adult 178 

life stages of temporary pond copepods to be efficient predators for extended periods of time. 179 

Insect groups such as mosquitoes typically colonise ephemeral wetlands externally from other 180 

areas later in the hydroperiod, or can hatch directly from dormant eggs (e.g. Aedes spp.). 181 

Therefore, in situ mass-hatching events of predatory copepods could allow for rapid and efficient 182 

mosquito population regulation at the landscape level in ponds. In other areas of southern Africa 183 

where mosquito-borne disease risk is pronounced, predatory copepod presence may therefore 184 

provide an ecosystem service in a public health context, and populations should thus be 185 

conserved given known anthropogenic impacts that threaten these habitats (Dalu et al. 2017).  186 

Whilst previous studies have examined differential predatory impacts of biota across more 187 

extensive spatial scales (i.e. continental) (Howard et al. 2018; Boets et al. 2019), we propose that 188 

the provincial scale is suitable here owing to the isolation of ponds across landscapes and their 189 

limited connectivity. Indeed, previous studies have indicated that L. raynerae can exhibit marked 190 

genetic divergence across very small geographic scales (Jooste, 2018). Owing to its size and 191 

predatory capacity, L. raynerae has been shown to be a top predator during early hydroperiod in 192 

temporary ponds within its native range (Dalu et al. 2016), and thus such paradiaptomids likely 193 

play an important role in environments that are dominated by ephemeral aquatic ecosystems 194 

(Cuthbert et al. 2018b). Whilst future work should further decipher the community composition 195 

and structure across spatial gradients in these ecosystems, including whether adult female 196 

copepods and juveniles show similar predation patterns, we propose that conservation could help 197 

to regulate disease vector species across arid landscapes. Further, inter-population predatory 198 

differences could potentially be harnessed to enhance biocontrol efforts towards disease vectors.  199 

 200 
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Table 1. Distance matrix (km) between ponds where individual copepod populations (1 – 6) were 300 

sampled. 301 

Pond 1 2 3 4 5 6 

1  - - - - - - 

2 88.48  - - - - - 

3 69.55 23.03  - - - - 

4 73.81 14.88 9.15  - - - 

5 34.86 100.54 78.71 85.98  - - 

6 69.66 100.52 54.52 63.64 51.66  - 

 302 
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 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 



Table 2. First order terms generated from logistic regression of proportional predation as a 312 

function of prey density alongside parameter outputs from Rogers’ random predator equation (a, 313 

attack rate; h, handling time; 1/h, maximum feeding rate) across six temporary pond populations.  314 

Population First order term, p a, p h, p 1/h 

1 -0.06, < 0.001 1.25, < 0.01 0.18, < 0.001 5.55 

2 -0.05, < 0.001 0.98, < 0.05 0.20, < 0.001 5.00 

3 -0.08, < 0.001 2.87, 0.07 0.29, < 0.001 3.45 

4 -0.04, < 0.01 0.62, < 0.05 0.16, < 0.01 6.25 

5 -0.07, < 0.001 2.89, 0.07 0.20, < 0.001 5.00 

6 -0.06, < 0.001 1.26, < 0.01 0.15, < 0.001 6.67 

 315 

 316 
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 320 

 321 

 322 

 323 

 324 



 325 

Figure 1. Functional responses of adult male Lovenula raynerae towards larval mosquito prey 326 

from six different temporary pond populations. Points are means ± 1 SE (n = 4) per experimental 327 

group. Shaded areas are bootstrapped 95 % confidence intervals. 328 



 329 

Figure 2. Attack rates (a) and handling times (b) of male Lovenula raynerae against mosquito 330 

larvae across six temporary pond populations with non-parametric 95 % confidence intervals (n 331 

= 2000). Points are starting parameter estimates generated from Rogers’ random predator 332 

equation. 333 
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