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ABSTRACT 

MARQUES, Renata Vieira, D.Sc., Universidade Federal de Viçosa, February, 
2019. Diet choice and habitat structure mediate coexistence of predatory 
mites on Jatropha curcas. Advisor: Angelo Pallini Filho. Co-advisor: Arnoldus 
Rudolf Maria Janssen. 

Many animals select their diet based on the nutrient composition of their food, 
aiming to increase their performance. There are several studies showing that 
animals have a higher fitness when they feed on a mixed diet instead of feeding 
on single diets. Here, I studied two species of predatory mites, Iphiseiodes 

zuluagai and Euseius concordis, that showed a higher fitness when they fed on a 
diet composed of mixtures of the two natural prey species. Most importantly, 
these predators actively forage to obtain such a mixed diet. These two predators 
are being evaluated for their capacity to control the pest mites 
Polyphagotarsonemus latus and Tetranychus bastosi in plantations of the 
biodiesel plant Jatropha curcas. In the first chapter I assessed the performance of 
the predator E. concordis with a decreasing number of either of the two prey 
species to assess the optimal consumption of each prey. I found that the predator 
E. concordis selected a diet that maximized its reproduction. However, in nature, 
food items are usually patchily distributed, and with an increased distance 
between nutritionally complementary food types, the foraging animal needs to 
spend more energy and time to commute between different food sources. Thus, in 
the second chapter, I investigated whether the predator E. concordis does actively 
mix their diet when this requires foraging over longer distances than in the 
previous study, and I evaluated the effect on their fitness using their natural prey. 
Furthermore, the structure of the natural habitat of the prey is more complex than 
the structure offered in the experiments of Chapter 2.  Thus, the foraging costs 
will also increase with increasing habitat complexity. In chapter 3, I therefore 
evaluated if the predator E. concordis mixed its diet when the two prey species 
occured spatially separated on a small J. curcas plant and if it benefitted from this. 
Although the predator had to spend time and energy to cover long distances to 
obtain a mixed diet, on small, intact plants, the predator actively foraged for a 
mixed diet, resulting in an increased oviposition. The structure of communities in 
nature as well as in biological control systems is not only affected by the 
interactions between plants and their pests, but also by interactions among their 
natural enemies. In theory, some interactions between the predators (such as 
intraguild predation) are predicted to disrupt pest control. Therefore, I investigated 
the possible interactions between the predatory mites E. concordis and I. zuluagai 
in Chapter 4. First, I show that the two predator species co-occur on the same J. 

curcas plants in the field. Second, I show that the two species are involved in 
reciprocal intraguild predation. Subsequently, I show that increasing the spatial 
structure and supplying alternative food resulted in increased coexistence of the 
two intraguild predators. In conclusion, these results suggest that to improve the 
persistence of predators in the field, it is important to increase the spatial structure 
of the habitat and offer a diverse predator diet.  

 



RESUMO 

 

MARQUES, Renata Vieira Marques, D.Sc., Universidade Federal de Viçosa, 
fevereiro de 2019. A escolha de dieta e a estrutura de habitat mediam a 
coexistência de ácaros predadores em pinhão manso. Orientador: Angelo 
Pallini Filho. Coorientador: Arnoldus Rudolf Maria Janssen. 

Muitos animais selecionam sua dieta baseado na composição dos nutrientes 

visando aumentar sua performance. Existem diversos estudos que mostram que os 

animais têm seu fitness aumentado quando eles se alimentam de uma dieta mista 

ao invés de uma dieta simples. Nesta tese, foram estudados dois ácaros 

predadores, Iphiseiodes zuluagai e Euseius concordis, que apresentaram maior 

fitness quando se alimentaram de uma dieta composta por uma mistura de duas 

espécies de presa naturais. Mais impressionante, estes predadores forragearam em 

busca de obter a dieta mista. Estas espécies de predadores estão sendo avaliadas 

pela sua capacidade de controlar os ácaros pragas Polyphagotarsonemus latus e 

Tetranychus bastosi em plantações de pinhão manso (Jatropha curcas), de onde 

se extrai biodiesel. No primeiro capítulo foi avaliado a performance do predador 

E. concordis em função da diminuição do número de cada uma de suas espécies 

de presas para se verificar o consumo ótimo de cada presa. Foi verificado que o 

predator E. concordis selecionou a dieta que maximizou sua reprodução. 

Entretanto, na natureza os itens alimentares estão espacialmente distribuídos. A 

medida que se aumenta a distância entre os alimentos que nutricionamente 

completam sua dieta, o animal precisa gastar maior energia e tempo em busca dos 

seus recursos alimentares. Sendo assim, no segundo capítulo foi investigado se o 

predador E. concordis percorre longas distâncias para misturar sua dieta e avaliou-

se o efeito disto em seu fitness. Na natureza a complexidade do habitat das presas 

é maior do que foi avaliado em laboratório e as presas podem estar mais afastadas 

umas das outras. Sabe-se que o custo aumentará com a maior complexidade do 

habitat. Por isso, no terceiro capítulo foi avaliado se o predador E. concordis 

mistura sua dieta quando as suas presas estão separadas espacialmente em plantas 

de Jatropha curcas e se os predadores se beneficiam disto. Apesar do tempo e 

gasto energético durante a procura por uma dieta mista. Em plantas pequenas, o 

predador demonstrou procurar ativamente por uma dieta mista e se beneficiou 

dela. A estrutura das comunidades na natureza, assim como, em sistemas de 



controle biológico, não é somente influenciada pelas interações entre as plantas e 

suas pragas, mas também em função das interações entre seus inimigos naturais. 

Na teoria, algumas interações entre os predadores (como a predação intraguilda) 

são descritas como perturbadoras do efetivo controle das pragas. Por essa razão, 

no capítulo 4 foi avaliada a possibilidade de ocorrer a predação intraguilda entre 

as duas espécies de ácaros predadores. Para isto, primeiramente foi verificado 

coocorrência dos ácaros E. concordis e I. zuluagai nas mesmas plantas em campo. 

Em seguida, mostrou-se que os predadores estavam envolvidos em predação 

intraguilda recíproca. Subsequentemente, foi visto que o aumento das estruturas 

espaciais e a presença de fontes alternativas de alimento parece ser uma estratégia 

viável para manter a coexistência entre estes predadores. Em conclusão, estes 

resultados sugerem que para aumentar a persistência dos predadores no campo é 

importante aumentar a estrutura espacial do habitat e os alimentos alternativos da 

dieta do predador. 
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GENERAL INTRODUCTION 

There are many direct and indirect interactions among plants, pests and their natural 

enemies and these interactions are important in structuring communities. Basically, the 

structure of the communities is determined by consumption, such as herbivory, 

predation, parasitism and competition (Chase et al., 2002) and mutualistic interactions 

such as those between plants and pollinators (Kearns et al. 1998) and between plants 

and natural enemies of the herbivores (Price et al. 1980). However, other kinds of 

interactions can also occur, such as apparent competition, intraguild predation, 

(Messelink et al., 2012) and interactions among herbivores through induced plant 

defences. While the pests can interact through exploitative competition for the plant, the 

plant can mediate interactions between herbivores through plant defense responses. This 

may occur because the presence of one species could promote a plant defense that can 

affect the other species (Karban and Carey, 1984).  

Another possible interaction is apparent competition, defined as an indirect 

interaction among prey that is mediated by a shared predator population  (Holt and 

Lawton, 1994; Janssen et al., 1999; Harmon and Andow, 2004; Veen et al., 2006). The 

density of one prey increases the density of a predator, which subsequently decreases 

the density of a second species of prey. Thus, the dynamics of both prey resemble that 

of two species that are competing for resources, however, the interaction is mediated by 

a shared predator (Holt, 1977). In the long term, this can reduce the pest population, 

positively affecting biological control of this pest (Messelink et al., 2008). 

Apparent competition is intrinsically related to diet choice, and theory has 

included the switching of predators between diet items and optimal diet choice into 

population dynamical models of two prey sharing a predator population (Abrams, 1993; 

Holt, 1977; Abrams and Matsuda, 2004, 2003). However, positive effects of mixed diets 
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on predator performance have not been included, to the best of my knowledge. 

Nevertheless, there are several studies showing that the animals have a higher fitness 

when they feed on mixed diets instead of feeding on single diet (Messelink et al., 2008; 

Lefcheck et al., 2013; Marques et al., 2015; Ko et al., 2017). 

Here I studied a system of predators and prey, where the predators have a higher 

fitness when they feed on a mixture of the two prey species. The system is composed of 

two species of predatory mites belonging to the family Phytoseiidae: Iphiseiodes 

zuluagai Denmark & Muma and Euseius concordis Chant. These two phytoseiids are 

being evaluated for their capacity to control the broad mite Polyphagotarsonemus latus 

(Banks) (Acari: Tarsonemidae) and the spider mite Tetranychus bastosi Tuttle, Baker & 

Sales (Acari: Tetranychidae) in plantations of the biodiesel plant Jatropha curcas L. in 

Brazil (Pedro Neto et al., 2013; Sarmento et al., 2011). These predators feed on the two 

herbivores as well as on J. curcas plant material (pollen), and are therefore typical 

examples of omnivores (Figure 1).  

   

T. bastosi

Jatropha curcasa

P. latus

I. zuluagaiE. concordis

1 1

2 33

4 4

4

56 6
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Figure 1. Simplified food web of arthropods inhabiting Jatropha curcas plants. Arrows 

indicate flow of energy. Interactions are herbivory (1), apparent competition and 

competition (2), omnivory (3), predation (4), intraguild predation and cannibalism (6). 

 

The two predatory mites showed a higher fitness when they fed on a diet 

composed of mixtures of the two prey species mentioned above (Marques et al., 2015). 

Several studies use the geometrical framework to construct a fitness landscape as 

function of the nutrient contents of specific, often artificial, diets (Simpson and 

Raubenheimer, 1995Simpson et al., 2004, 2006; Behmer and Joern, 2008; Lee et al., 

2008; Behmer, 2009; Jensen et al., 2012;). Constructing such fitness landscapes using 

natural prey has not been done yet. In Chapter 1, I constructed a fitness landscape as 

function of the proportion of the two prey species consumed. We assessed the ratio of 

prey that resulted in the best performance of the predator E. concordis. 

In nature, food items are commonly spatially distributed (Godin and 

Keenleyside, 1984). Therefore, as the distance between nutritional complementary food 

sources increases, the energy cost and time spent on traveling between patches with 

different prey types to mix a predator’s diet also increases (Abrams, 1993; Lima and 

Dill, 1990). Hence, I expect that there should be a distance between patches of different 

prey where the energy cost and time associated to search for a mixed diet is higher than 

the benefits of it. There are some studies that considered the spatial separation of the 

diet sources (Behmer et al., 2003; Mody et al., 2007; Ko et al., 2017). So, in Chapter 2, I 

investigated if the predator E. concordis covers longer distances (compared to Marques 

et al., 2015) to obtain a mixed diet. 
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The structure of the natural habitat of the prey is more complex than the 

structure offered in the experiments of Chapter 2. Hence, the foraging costs will also 

increase with increasing habitat complexity (Brown and Kotler, 2004), but the predators 

may be more adapted to deal with this habitat complexity than that offered in Chapter 2. 

Therefore, I evaluated in Chapter 3 if the predator E. concordis mixes its diet when the 

two prey species occur spatially separated on a small plant of J. curcas and if it benefits 

from this. 

The natural enemies cited above can also interact with each other.  Predators that 

kill and eat individuals of another species of natural enemy are referred to as intraguild 

predators; the victim is called the intraguild prey (Polis et al., 1989; Holt and Polis, 

1997). Intraguild predation (IGP) is described as a mix of competition and predation 

between species that use similar resources and occurs when individuals of one species 

kill and eat the individuals of the other species (Polis and Holt, 1992). Theoretical 

models of intraguild predation usually consider the shared resource, the intraguild prey, 

and the intraguild predator. These models predict that the three species can only coexist 

if the intraguild prey is the better competitor for the shared resource (Holt and Polis, 

1997). Even then, however, coexistence is only possible at intermediate levels of 

productivity (Holt and Polis, 1997; Diehl and Feißel, 2000; Mylius et al., 2001), but it is 

common in nature. This discrepancy between theory and reality may be explained by 

factors not included in the original theory, such as temporal variation of the refuge, 

alternative prey for the intraguild predator, and spatial structure (Mylius et al., 

2001;Amarasekare, 2007; Holt and Huxel, 2007; Janssen et al., 2007; Daugherty et al., 

2007; Rosenheim, 2007; Rudolf, 2007; Vance-Chalcraft et al., 2007). 

Aiming to study the intraguild interactions between the two species of predatory 

mites, I first assessed the possible co-occurrence of I. zuluagai and E. concordis on the 
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same J. curcas plants in the field (Chapter 4). Second, I investigated whether the two 

predators were involved in IGP or reciprocal IGP. Subsequently, I investigated whether 

spatial structure promoted the coexistence of these two predators. 
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Abstract  

1. Many animals actively redress nutrient imbalances in their diet to maximize their 

performance.   

2. We recently found that females of two species of phytoseiids showed a higher 

oviposition rate on a mixture of co-occurring phytophagous mites than when feeding 

on either of these prey species separately.  We also found that the predators try to 

obtain such a mixed diet. 

3. Here, we investigated the relation between diet composition and diet choice of 

individuals with their performance by quantifying the reproduction of the predatory 

mite Euseius concordis on diets with various proportions of the two prey.  

4. Oviposition of the predator was lower on single diets than on mixtures. When female 

predators were offered both prey in different proportions, they selected a diet that 

maximized their oviposition rate.  

Key words: balanced diet, foraging behaviour, nutritional ecology, prey quality, 

phytoseiids 
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Introduction 

Many predator species consume more than one prey species (Sabelis, 1992), whereas 

many herbivorous arthropods are specialized on a single host plant species or genus 

(Jaenike, 1990). For several years, studies on diet choice of predators were based on the 

premise that predatory arthropods optimized the rate of prey capture or energy intake 

per time spent on a prey (Charnov, 1976; Stephens & Krebs, 1986) instead of selecting 

prey according to nutrient composition (but see Belovsky, 1978; Bilde & Toft, 1994; 

Greenstone, 1979; Rapport, 1980; Tinbergen, 1981). There are two explanations for the 

consumption of a mixed diet, and they are not mutually exclusive. One is that the 

animals need to mix their diet to dilute toxins present in one or more of the diet 

components (Toft & Wise, 1999). Another explanation is that different prey species 

contain different amounts of nutrients and the predatory arthropods mix their diet to 

redress specific nutritional imbalances (Mayntz, Raubenheimer, Salomon, Toft, & 

Simpson, 2005). Both theories predict that animals should have higher fitness when 

they feed on a mixed diet than when feeding on single diets.  

Although there are several studies showing that animals actively redress 

nutrient imbalances in their diet, these studies often use semi-artificial diets or prey that 

were specifically reared to contain different amounts of nutrients (Mayntz et al., 2005; 

Raubenheimer, Mayntz, Simpson, & Tøft, 2007; Dussutour & Simpson, 2009; Jensen et 

al., 2012; Vaudo et al., 2016; Raubenheimer & Simpson, 2018). Evidence that predators 

do actively forage for a mixed diet consisting of several types of natural prey is scare. 

We previously showed that two species of predatory mites benefit from a mixed diet 

consisting of two coexisting natural prey and actively forage for a mixed diet (Marques 

et al., 2015). It is as yet unknown whether the two prey species are complementary in 

nutrient contents or whether toxins are present in the prey species. Thus, it is not 
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possible yet to control the quality of the prey to construct a fitness landscape (that is, 

relating the diet choice of individuals with their fitness) as a function of specific 

nutrients, as has been demonstrated for other species, using the geometric framework 

(Simpson & Raubenheimer, 1995; Simpson, Sibly, Lee, Behmer, & Raubenheimer, 

2004; Simpson, Sword, Lorch, & Couzin, 2006; Behmer & Joern, 2008; Lee et al., 

2008; Behmer, 2009; Jensen et al., 2012). We therefore constructed a fitness landscape 

as function of the proportion of the two prey species offered. As stand-in measure for 

fitness, we used the oviposition rate of predators, which is closely related to the 

population growth rate and life-time reproduction of predatory mites (Janssen & 

Sabelis, 1992). We show that the predators often consume prey in different proportions 

than those offered, and that this maximizes their oviposition rate.  

 

Material and methods 

The study system 

We studied the diet choice of the phytoseiid Euseius concordis Chant and its two prey, 

the broad mite Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae) and the 

spider mite Tetranychus bastosi Tuttle, Baker & Sales (Acari: Tetranychidae). These 

herbivorous mites and predators co-occur in plantations of the biodiesel plant Jatropha 

curcas L. in Brazil (Sarmento et al., 2011; Pedro-Neto, Sarmento, Oliveira, Picanço, & 

Erasmo, 2013;). Whereas the herbivores are known to cause severe yield reductions, the 

predators are currently being evaluated for their capacity to control the plant pests 

(Marques et al., 2018; Sarmento et al., 2011). 

 

Cultures 
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Jatropha curcas plants were grown in plastic pots (5 L) containing a mixture of soil and 

bovine manure (3:1) and were watered once per day. The herbivorous mites T. bastosi 

and P. latus and the predatory mite E. concordis were obtained from natural populations 

on J. curcas plants in Gurupi, State of Tocantins, Brazil (11°45′47″S, 49°02′57″W) in 

2009. Tetranychus bastosi was cultured on J. curcas plants. The plants were kept in 

cages (47.5 x 47.5 x 93.0 cm) that contained a plastic tray (45 x 30 x 8 cm)  that were 

placed inside a second tray (55 x 40 x 10 cm), filled with detergent and water, which 

served to prevent mite escapes and invasion of other arthropods. A clean plant was 

added to these cultures once a week and infested leaves of old plants were placed on it 

to allow the mites to move onto the new plant. The broad mite P. latus was cultured on 

isolated new leaves (diameter c. 5 cm), placed inside a plastic tray (45 x 30 x 8 cm) 

filled with distilled water with a sponge in the center. A thin layer of wet cotton wool 

was placed around the leaves, which served to prevent mite escapes and to avoid 

desiccation of the leaves. Every four days, we replaced the leaves; the old leaves were 

placed on top of the new leaves. The predatory mite E. concordis was reared inside 

plastic boxes (11 × 11 cm) on flexible plastic disks (∅ = 6 cm) floating on distilled 

water. Small tent-like structures consisting of a folded piece of plastic with some cotton 

threads under it were supplied on the arenas, serving as shelter and oviposition site. 

Once per day, a small quantity of castor bean (Ricinus communis) pollen was supplied 

on the arenas as food for the predators (McMurtry & Scriven, 1964). All cultures were 

maintained in a climate room at 25 ± 2 °C, 65 –70% R.H. and a 12 hr L/12 hr D 

photoperiod. 

 

The optimal diet 



16 

 

We measured oviposition rates of adult female predators aged 9 days old since the egg 

stage. Using adult females of the same age is essential because the oviposition rate of 

predatory mites varies with age (Janssen & Sabelis, 1992).  Experiments were carried 

out on leaves (diameter c. 5 cm) inside plastic boxes (11 x 11 cm) filled with distilled 

water with a sponge fixed in the center. A thin layer of wet cotton wool was placed 

around the leaves, which served to prevent mite escapes and to avoid desiccation of the 

leaves. We offered a mixture of eggs of both prey species in five different densities: 

0/30, 5/25, 10/20, 15/15, 20/10, 25/5, 30/0, 60/0 (T. bastosi/P. latus). Thus, the 

performance of the predatory mite was assessed with an increasing number of one prey 

species and a decreasing number of the other. To exclude the possibility that lower 

oviposition on a diet of only T. bastosi was caused by insufficient food, we included the 

last treatment with double the number of eggs of T. bastosi. Each density combination 

was replicated 16 times. The experiment was carried out in several blocks in time, with 

all treatments in each block. We used eggs of the two prey species because mobile prey 

often display antipredator behaviour and this can affect the performance of the predator. 

To obtain these eggs, we transferred adult females of each prey species to a leaf with 

double the number of adults that was required for each density above. After 24 hours, 

we removed all adult females of both prey species, leaving only eggs of each species at 

their respective densities. The surplus of eggs was removed with the aid of a pin to 

obtain the exact densities. The number of prey eggs consumed during three consecutive 

days and the oviposition were assessed simultaneously. Because the oviposition of the 

first day is affected by the diet of previous days (Sabelis, 1990), we did not include 

oviposition and predation of this day in the analysis. The leaves with prey eggs were 

replaced daily with new ones with the same initial prey densities to prevent prey 

depletion.  
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Statistical analysis 

The total numbers of eggs produced by the adult female predators during the last two 

days of the experiment and the total predation during the entire experiment were 

analysed with a linear mixed-effects model with treatment as fixed factor and block as 

random factor (Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2017). Treatments 

were compared through model simplification by combining treatment levels (Crawley, 

2013). The proportions of prey eaten vs. proportions of prey offered were analysed with 

a binomial test, and the oviposition of predators as function of the proportion of T. 

bastosi eaten was analysed with a linear and quadratic regression model. All statistical 

analyses were done with the statistical software R 3.3.3 (R Development Core Team, 

2017), and models were compared with the anova function in R. All models were 

checked by plotting residuals against fitted values and checking normality of the error 

distribution. 

 

Results 

The total numbers of eggs consumed did not differ significantly among the densities of 

prey species (LME, Chi2 = 8.49, d.f. = 1, P > 0.05). Thus, E. concordis consumed 

approximately equal numbers of eggs at all densities of prey species (Figure 1). We did 

not compare the consumption of eggs of the two species because the eggs of P. latus are 

smaller than those of T. bastosi and the eggs of the two species may differ in many 

other aspects. At high densities of T. bastosi, predators consumed eggs in the same 

proportion as they were offered (Figure 2). However, with an increasing proportion of 

P. latus eggs present, the predator consumed proportionally fewer T. bastosi eggs 

(Figure 2).  
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 The oviposition rate of E. concordis feeding on prey eggs varied significantly 

with the diet offered (LME, Chi2 = 56.1, d.f. = 1, P > 0.001). Oviposition was lower on 

a diet with only eggs of T. bastosi than on the other diets (Figure 3). For almost all prey 

densities, the oviposition rate of E. concordis was higher on the mixed diets than on 

single diets (Figure 3). A diet consisting of 83.3% of T. bastosi resulted in a 

significantly lower oviposition rate than the other mixed diets (Figure 3).  Although the 

other mixed diets did not differ significantly from each other, the highest oviposition 

rate of E. concordis was found when it was offered 33% of T. bastosi and 67% of P. 

latus (Figure 3). 

 Because the proportion of T. bastosi offered was not the same as the proportion 

of T. bastosi eaten, we analysed the oviposition of E. concordis as a function of the 

proportion of T. bastosi eaten. The oviposition rate of E. concordis varied significantly 

with the composition of the diet consumed (LM, Chi2 = 22.4, d.f. = 1, P > 0.001) and a 

quadratic model fitted the data significantly better than a linear model (F1,125 = 22.4, P < 

0.001), showing that there was indeed an optimal diet. The oviposition was highest 

when the predator consumed a mixed diet consisting of 34% of T. bastosi and 66% of P. 

latus (Figure 4). 

 

Discussion 

We found an optimal diet consisting of a mixture of two natural co-occurring prey for 

the predatory mite E. concordis, with a diet composed of c. 34% of T. bastosi (66% P. 

latus) resulting in the highest oviposition rate of the predator (Figure 3, 4). At high 

densities of T. bastosi, the predators consumed eggs in the same proportion as they were 

offered (Figure 2). However, with an increasing proportion of P. latus eggs, the 

predators ate a lower proportion of T. bastosi eggs as was offered (Figure 2). This might 
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be caused by the predators selecting for a mixed diet consisting of a higher proportion 

of P. latus. It is also possible that the eggs of P. latus were easier to find despite their 

smaller size. Elsewhere, we showed that E. concordis does actively search for a mixed 

diet (Marques et al., 2015). We therefore believe that the differences in the proportions 

of T. bastosi offered and consumed (Figure 2) are caused by the predators selecting a 

better diet.   

For almost all prey combinations, a mixed diet of the two prey species resulted 

in a higher egg production rate (Figure 3). This is in agreement with an earlier study 

(Marques et al., 2015), which added these predatory mites to a growing list of predators 

that benefit from a mixed diet (Mayntz et al., 2005; Raubenheimer et al., 2007; 

Dussutour & Simpson, 2009; Jensen et al., 2012; Raubenheimer & Simpson, 2018).  

When E. concordis fed on a diet mainly or exclusively consisting of T. bastosi, it 

had a lower oviposition rate than on other mixed diets and the oviposition rate of E. 

concordis was lower when the predators fed on single diets than on most of the mixed 

diets (Figure 3). The oviposition rate on the treatment with sixty eggs of T. bastosi was 

similar to that in the treatment with only thirty eggs of T. bastosi, showing that the 

lower oviposition when feeding on this prey was not caused by insufficient food. It is 

unclear whether this is because T. bastosi and P. latus are toxic to the predators or 

whether they are relatively deficient in some nutrients. 

In nature, animals will not always find food of different quality in the same 

place. So, they may need to forage at different places to mix their diet. The two prey 

species studied here can be found at different parts of their host plant (Jatropha curcas). 

Polyphagotarsonemus latus attacks the apical leaves and T. bastosi is mainly found on 

the old leaves (Rosado et al., 2014). Therefore, the predators need to commute between 

plant parts to mix their diet. We previously showed that E. concordis covers short 
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distances to mix their diet (Marques et al., 2015). Several studies have considered such 

spatial separation of the diet elements (Behmer, Cox, Raubenheimer, & Simpson, 2003; 

Mody, Unsicker, & Linsenmair, 2007), but these studies did not show if there will be a 

maximum distance that the animals are willing to cross to mix their diet. There must be 

a distance in which the costs of traveling to obtain a mixed diet are higher than the 

offset of mixing the diet to improve fitness. Future experiments should test the 

propensity of animals to cover larger distances to mix their diet. 

Our results show a case of a polyphagous predator species that balances its diet 

by feeding on mixtures of their natural prey. However, figure 3 shows a flat curve, 

suggesting that any mixture is a good diet. Nevertheless, the predators did not consume 

prey in the ratios that they were offered (Figure 2), so they possibly obtained a diet 

closer to the optimal diet than when they would eat prey in the ratio offered, and this 

would obscure the existence of the optimum. Figure 4 indeed shows that there is an 

optimum mixture of the two prey, but the curve is still relatively flat, suggesting that 

selection for obtaining the exact optimal diet is probably not strong. Furthermore, there 

is considerable variation in oviposition rate independent of the diet (Figure 4). We 

suggest that there is selection for predators to mix some T. bastosi through their diet of 

P. latus and this resulted in predators that actively search for a mixed diet (Marques et 

al., 2015).  
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Figure legends 

Figure 1. Predation rate (± SE of the total) of eggs of two prey species (Tetranychus 

bastosi, grey bars, and Polyphagotarsonemus latus, white bars) by E. concordis during 

three days as function of the different proportion of prey eggs offered. Predation was 

assessed with an increasing number of T. bastosi and a decreasing number of P. latus. 

 

Figure 2. Proportion of T. bastosi eggs consumed (±SE) by E. concordis on three 

consecutive days as a function of the proportion of T. bastosi offered (drawn line). 

Significant differences in the proportion of T. bastosi consumed vs offered are indicated 

by asterisks (Binomial test, P < 0.05). 

 

Figure 3. Average oviposition rate (±SE) of E. concordis during three consecutive days 

feeding on a diet consisting of different proportions of the prey species T. bastosi and P. 

latus. 2x represent the treatment with double the number of eggs of T. bastosi. 

Significant differences in oviposition rate are indicated by letters below the averages 

(contrast after LME; P < 0.05).  

 

Figure 4. The oviposition of E. concordis during three consecutive days as function of 

the proportion of the T. bastosi prey consumed. Dots represent the average oviposition 

rate of individual E. concordis during three consecutive days. The curve is a fitted 

quadratic model (Oviposition = 1.83 + 3.23x – 4.69x2, with x = the proportion of T. 

bastosi consumed, F2,125 = 26.7, P < 0.0001). 
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Figure 3 
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Figure 4 
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Abstract 

Animals actively redress nutrient imbalances in their diet to increase their fitness. 

However, food items are usually patchily distributed in nature. As the distance between 

nutritionally complementary food increases, the foraging animal needs to spend more 

energy and time to commute between different food sources. The predatory mite 

Euseius concordis is known to cover short distances to mix its diet, resulting in an 

increased oviposition rate. Here, we investigated whether the predator E. concordis does 

actively mix its diet when this requires foraging over longer distances. We also assessed 

the effect on their fitness using their natural prey (P. latus and T. bastosi). Our results 

indicate that when the predators have to cover long distances, the positive effect of the 

mixed diet decreased. This may be because the predators have to spend more time and 

energy to commute between patches to obtain a mixed diet.  

Key words: Foraging effort, balanced diet, foraging behavior, nutritional ecology, 

foraging distance. 
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Introduction 

Many studies show that the nutrient composition of food plays an important role in 

diet choice of animals (see Rapport, 1980 for a review). Many animals actively 

redress nutrient imbalances in their diet to increase their fitness (Mayntz, 2005; 

Raubenheimer et al., 2007; Jensen et al., 2012; Vaudo et al., 2016; Raubenheimer 

and Simpson, 2018). However, in nature, food items are usually patchily distributed 

(Godin and Keenleyside, 1984). As the distance between nutritionally 

complementary food sources increases, the costs associated with obtaining a mixed 

diet also increase because the foraging animal needs to spend energy and time to 

commute from one food source to the other (Abrams, 1993; Lima and Dill, 1990). 

This suggests that there is a distance in which the costs of traveling to obtain a mixed 

diet are higher than the fitness benefits obtained by feeding on a mixed diet. Hence, 

we expect that animals will stop foraging for a mixed diet when the distance between 

the different diet elements becomes too long. Several studies have considered such 

spatial separation of diet elements (Behmer et al., 2003; Mody et al., 2007; Ko et al., 

2017). For example, using artificial diet, Ko et al. (2017) found that when German 

cockroaches (Blattella germanica) had to cover longer distances to obtain a mixed 

diet, both males and females, as well as female oocytes became bigger. However, 

these studies did not show if there were costs associated with crossing long distances 

to obtain a mixed diet. Evidence that predators do actively mix their diet when this 

requires foraging over long distances and the effect on their fitness using natural 

prey is scare (Zee et al., 2002). This is why we investigated it here. 

We previously found that the predatory mites Euseius concordis Chant and 

Iphiseiodes zuluagai actively cover short distances to obtain a mixed diet consisting 
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of two types of natural prey, the broad mite Polyphagotarsonemus latus (Banks) 

(Acari: Tarsonemidae) and the spider mite Tetranychus bastosi Tuttle, Baker & Sales 

(Acari: Tetranychidae) (Marques et al., 2015). We also found that these predators 

increased their egg production when they fed on a mixed diet compared to a single 

diet (Marques et al., 2015). These predators and herbivorous mites co-occur in 

plantations of the biodiesel plant Jatropha curcas L. in Brazil (Sarmento et al., 2011; 

Pedro Neto et al., 2013). Whereas the herbivores are known to cause severe yield 

reductions, the predators have been evaluated for their capacity to control the plant 

pests (Sarmento et al., 2011; Marques et al., 2018;).  

However, the two prey species are usually found on different parts of the 

host plant. Polyphagotarsonemus latus attacks the apical leaves and T. bastosi is 

mainly found on the old leaves (Rosado et al., 2014). Therefore, the predators need 

to commute between plant parts to mix their diet. Thus, is important to know if the 

benefits by feeding on a mixed diet are higher than the costs of traveling to obtain it. 

Here we investigated if the predator E. concordis covers long distances to obtain a 

mixed diet when it feeds its natural prey.  

 

Material and methods 

Organisms  

Jatropha curcas plants were sown in plastic pots (5 L) filled with a mixture of soil and 

bovine manure (3:1) and irrigated once per day.  We used the plants to feed the 

herbivore cultures and for experimental purposes. The cultures of herbivorous (T. 

bastosi and P. latus) and predatory mites E. concordis were started with naturally 

infested J. curcas plants in Gurupi, state of Tocantins, Brazil (11°45′47″S, 
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49°02′57″W), in 2009. The spider mite T. bastosi was cultured on J. curcas plants 

placed in plastic trays (45 x 30 x 8 cm). These trays were placed inside a larger tray (55 

x 40 x 10 cm) filled with detergent and water that prevented contamination with other 

arthropods. Once per week, the infested leaves of the old plant were placed on a new 

plant. Polyphagotarsonemus latus was reared on detached leaves (diameter c. 5 cm) 

kept inside a plastic tray (45 x 30 x 8 cm). This tray contained distilled water with a 

sponge in the center. A thin layer of wet cotton wool was placed around the leaves, 

which served to maintain leaf turgor and prevent contamination between cultures. Every 

four days, new leaves were placed on top of the old leaves. Colonies of the predatory 

mites E. concordis were established inside plastic boxes (11 × 11 cm) on flexible PVC 

disks (∅ = 6 cm) floating on distilled water. Small tent-like structures consisting of a 

folded piece of plastic were supplied on the arenas, serving as shelter, and some cotton 

threads were supplied under them as oviposition sites. Every day, we fed the predatory 

mites with a small quantity of castor bean (Ricinus communis) pollen (McMurtry and 

Scriven, 1964). The cultures were maintained in a climate room (25 ± 2 °C, 65%–70% 

relative humidity) with controlled photoperiod (12:12 L:D).  

 

Mixed-prey diets offered on distant patches 

Here we investigated predation and oviposition of the predator when they had to cover 

the double of the distance used by Marques et al. (2015) to obtain a mixed diet. We used 

only eggs of P. latus and T. bastosi to be able to keep the two prey species spatially 

separated and to exclude antipredator behaviour in the prey. Each arena consisted of two 

plastic boxes (11 x 11 cm) filled with distilled water with a sponge fixed in the center. 

Each box contained one leaf (diameter 5 cm) on the sponge. A thin layer of wet cotton 
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wool was placed around the leaves, which served to prevent mite escapes and leaf 

desiccation. The leaf in one box was connected to the leaf in the other box with a bridge 

made of transparent polyethylene terephthalate plastic (16 cm length, double the length 

that was used by Marques et al. 2015). Thirty adult females of P. latus were transferred 

to one of the leaves, and the other received thirty adult females of T. bastosi. After 24 

hours, we removed all adult females of both species and left thirty eggs of each species 

on their respective leaf. An adult female of E. concordis (9 days old since egg stage) 

was placed on the bridge. The leaves with the eggs of the prey species were replaced 

daily with new ones to prevent prey depletion and the predators were returned to the 

bridge, where they had to choose between the two new prey patches. 

 Control treatments consisted of similar arenas with the same prey species (P. 

latus or T. bastosi) on both connected leaves. The experiment was carried out inside a 

climate room (28 ± 2 °C, 65-70% R.H. and 12h L/12h D photoperiod). Each treatment 

was replicated 10 times. During four days, the position of the predators, the number of 

eggs consumed and the oviposition of the predatory mites were recorded for each patch. 

Because oviposition of the first day has been affected by the diet of previous days 

(Sabelis, 1990), we excluded this oviposition and predation on the first day from further 

analysis. 

 The numbers of eggs produced by the adult female predators were analysed 

with a generalized linear model (GLM) with a Poisson (log link) error distribution with 

treatments (mixed diet vs single diet) as factor. The predation of the eggs of each 

species was analysed with a GLM with a quasi-Poisson error distribution (logit link) to 

correct for overdispersion. The proportion of predators that fed on each of the two 

patches was analysed with a GLM with a binomial error distribution. Treatments were 

compared through model simplification by combining treatment levels (Crawley, 2007). 
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All statistical analyses were done with the statistical software R 3.3.3 (R Development 

Core Team, 2017). All models were checked by plotting residuals against fitted values 

and checking for normality of the error distribution. 

 

Results 

There was a significant effect of time (Chi² = 20.3, d.f. = 2, P < 0.001) and diet offered 

(Chi² = 15.4, d.f. = 2, P < 0.001) on the proportion of predators that consumed prey on 

each of the two patches. There was no significant interaction between diet and time 

(Fig. 1, GLM: Chi2 = 1.1, d.f. = 4, P = 0.90), showing that the effects of the diet offered 

were consistent throughout time. The proportion of predators that consumed prey on 

each of the two patches was significantly higher after 48h when both patches contained 

T. bastosi than when both patches contained P. latus (Fig. 1, contrasts after GLM). The 

same trend, but no longer significant, was observed after 72h, but not after 96h, and the 

proportion of predators that consumed prey on both patches was high at this last time 

(Fig. 1).   

 The numbers of P. latus eggs consumed during the entire experiment did not 

differ when only P. latus was offered compared when a mixed diet was offered (Fig. 2a, 

GLM: 48h Chi² =3.8, d.f. = 1, P = 0.51; 72h Chi² = 0.7, d.f. = 1, P = 0.78; 96h Chi² = 

8.3, d.f. = 1, P = 0.12). Similarly, the number of eggs of T. bastosi consumed when it 

was offered alone did not differ from when it was offered with P. latus on the other leaf 

(Fig. 2a, GLM: 48h Chi² = 13.7, d.f. = 1, P = 0.20; 72h Chi² = 1.2, d.f. = 1, P = 0.66; 

96h Chi² = 11.9, d.f. = 1, P = 0.08). The eggs of P. latus are smaller than those of T. 

bastosi and we therefore did not compare predation of the two prey species. 
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 The rate of oviposition of E. concordis feeding on prey eggs varied significantly 

with diet (Fig. 3, GLM: Chi² = 9.7, d.f. = 2, P = 0.007). It was lower when eggs of T. 

bastosi were offered on both patches than when both patches contained eggs of P. latus 

or when the eggs of the two prey species were offered on separate patches (Figure 3). 

The oviposition of the predators was higher in the case where both patches contained 

eggs of P. latus than when eggs of the two prey species were offered on separate 

patches, but this difference was not significant (Figure 3).  

 

Discussion 

The predatory mite E. concordis is known to cover short distances to mix its diet, 

resulting in an increased oviposition rate (Marques et al., 2015).  When E. concordis 

had to cover double the distance as in previous experiments in order to mix its diet 

(Marques et al. 2015), the highest oviposition by E. concordis was obtained when eggs 

of P. latus were offered on one or both leaves. Besides, the difference in oviposition on 

the mixed diet was not significantly higher than on a single diet of P. latus. In this 

experiment, the oviposition rate on the mixed diet was somewhat  lower than in a 

previous experiment, where the predators needed to cover half the distance as here to 

obtain a mixed diet (1.5 eggs/female here vs 1.7 in Marques et al., 2015). Moreover, we 

previously showed in Chapter one that the oviposition rate on a mixed diet offered on 

the same patch was even higher (2.25 eggs/female), suggesting that the positive effect 

of the mixed diet decreased because now the predators had to spend more time and 

energy to commute between patches to obtain such diet.  

 The predatory mite had the lowest oviposition rate when feeding on a diet of 

only T. bastosi (Figure 3). This is in agreement with the results presented in the first 
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chapter, where we showed a low oviposition rate of E. concordis when the predator fed 

on a diet consisting of only eggs of T. bastosi compared when the diet contained 

different proportions of P. latus. There are two possible explanations for the low 

oviposition on a diet of T. bastosi. First, T. bastosi may be toxic to the predator. Thus 

the predator would then suffer less adverse effects of this toxin when it is diluted by 

consuming P. latus. Another possibility is that the prey species have different 

nutritional compositions (Mayntz, 2005) and a diet composed by T. bastosi is in short 

supply of some nutrients. To increase its performance, E. concordis must then consume 

food in optimal ratios in order to optimally balance its intake of specific nutrients 

(Rapport, 1980; Lee et al., 2008; Jensen et al., 2012; Simpson et al., 2004, 2015). Notice 

that these two explanations are not mutually exclusive.  

We expected that the predators would try to compensate deficiencies in the 

single diets by consuming higher amounts of the deficient diet (Simpson et al., 2004). 

However, we did not find differences in the numbers of eggs consumed by the predator 

of each species separately when feeding on a mixed diet compared to feeding on a 

single diet. This implicates that the predators ate more in total when feeding on a mixed 

diet than on a single diet. 

We offered eggs of the two prey species on separate patches to prevent mobile 

prey stages from migrating to the other patch. Furthermore, mobile prey can display 

antipredator behaviour and this behaviour is affected by the diet of the predator . By 

using immobile prey (eggs), we prevented the effects of antipredator behaviour 

interfering with the diet choice of the predators.  

Apparently, in a short period of time (first 48 hours), the predators that only 

found T. bastosi continued searching for better prey. Those predators that found only P. 

latus did not search for a mixed diet because it apparently was not present. After 72 
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hours, the same trend was found, however the difference was not significant. Finally, 

after 96 hours the predator has the necessity to search for a mixed diet even when they 

found only P. latus (Figure 1).  

In nature, both prey occur on the same plant, but on different parts. The 

structure of the plants is more complex than the structure offered in our experiments, 

and distances between patches with the two prey can be longer than the distance tested 

here. Besides, the structure of the experimental arena is also not very natural. On a 

plant, the predator should go up to eat P. latus and down to find T. bastosi instead of 

just walking on a plastic bridge. Future experiments should investigate if the predator E. 

concordis forages to mix its diet on intact plants and if this predator can benefit from it.  

 Our results point in the direction that when the predators have to cover long 

distances, the positive effect of the mixed diet decreased because the predators have to 

spend more time and energy to commute between patches to obtain a mixed diet.  

However, despite this reduction of energetic gain, literature points in the direction that 

better control of pests is achieved thought apparent competition between two pests 

(Messelink et al., 2008). This occurs because predator densities increase due to the 

higher availability of food and also because of the effect of a mixed diet on the predator 

(Messelink et al., 2008).  
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Figure 1. The average proportion (+SE) of predators that fed on prey eggs on both 

patches during three days (first day excluded). Euseius concordis was offered prey eggs 

on two patches connected with a bridge. Both patches contained either eggs of T. 

bastosi, eggs of P. latus, or one patch contained eggs of T. bastosi and the other eggs of 

P. latus (Mixed). Bars with different letters differ significantly within each day 

(contrasts after GLM, P < 0.05).  

  

0

0.2

0.4

0.6

0.8

1

48h 72h 96h

P
ro

p
o

ti
o

n
fe

e
d

in
g

o
n

b
o

th
p

a
ch

e
s

T. bastosi P. latus Mixed

a

a

a

ab

b

a

a

aa



47 

 

 

 

0

5

10

15

20

25

30

2 3 4

A
v
e

ra
g

e
p

re
d

a
ti

o
n

Time (day)

T. bastosi Mixed

Time (day)

0

5

10

15

20

25

2 3 4

A
v
e

ra
g

e
p

re
d

a
ti

o
n

P. latus Mixed

(a) 

(b) 



48 

 

Figure 2. Predation on single- and mixed-prey diets in an arena with two connected 

patches. Euseius concordis was offered prey eggs on two patches connected with a 

bridge. Both patches contained either eggs of T. bastosi, eggs of P. latus, or one patch 

contained eggs of T. bastosi and the other eggs of P. latus (Mixed). Shown are the 

average numbers (+SE) of eggs of T. bastosi (a) and of P. latus (b) consumed on single 

and mixed diets respectively. 
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Figure 3. Oviposition on three different diets in an arena with two connected patches. 

Euseius concordis was offered prey eggs on two patches connected with a bridge. Both 

patches contained either eggs of T. bastosi, eggs of P. latus, or one patch contained eggs 

of T. bastosi and the other eggs of P. latus (Mixed). Shown are the average numbers 

(+SE) of eggs produced by E. concordis when feeding on eggs of T. bastosi, of P. latus, 

or a mixture of eggs (Mixed). Bars with different letters differ significantly (contrasts 

after GLM, P < 0.05). 
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Abstract 

Animals choose their diet based on nutrient composition and presence of noxious 

compounds. However, different food items are commonly patchily distributed in nature. 

Thus, predators need to commute between plant parts to mix their diet. On artificial 

arenas, we found that the predatory mite E. concordis actively foraged for a mixed diet 

consisting of two types of natural prey, the P. latus and T. bastosi. However, in nature, 

the two prey can be found on different parts of their common host plant. 

Polyphagotarsonemus latus attacks the apical leaves and T. bastosi is mainly found on 

the old leaves of Jatropha curcas. Here, we investigate if the predator E. concordis 

forages for a mixed diet on a small plant with four leaves. Thus, an adult female of the 

predatory mite was placed on a plant with a single (P. latus or T. bastosi) or mixed-prey 

diets. We showed that the predator forages to mix its diet, and had high oviposition rates 

when feeding on both prey species. In conclusion, our results show that the predators 

actively search for a mixed diet on their host plants.  

 

Key words: balanced diet, foraging behavior, nutritional ecology, habitat structure, diet 

choice. 
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Introduction 

The nutrient composition of food plays an important role in diet choice of animals. 

There are several examples of animals that actively redress nutrient imbalances in their 

diet, but most of these studies concern (semi-)artificial diets or prey that were 

specifically prepared to contain different amounts of nutrients (Mayntz, 2005; 

Raubenheimer et al., 2007; Dussutour and Simpson, 2009 Jensen et al., 2012; Vaudo et 

al., 2016; Raubenheimer and Simpson, 2018).  

We previous found that the predatory mites E. concordis Chant and I. zuluagai 

actively forage for a mixed diet consisting of two types of natural prey; i.e., the broad 

mite Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae) and the spider mite 

Tetranychus bastosi Tuttle, Baker & Sales (Acari: Tetranychidae). On artificial arenas, 

the predatory mites showed a higher oviposition rate on a mixed diet consisting of the 

two prey species than on the two single diets (Marques et al., 2015). These herbivorous 

mites and predators co-occur on the biodiesel plant Jatropha curcas L. in Brazil (Pedro 

Neto et al., 2013; Sarmento et al., 2011). Because the herbivores cause severe yield 

reductions, the predators have been evaluated for their capacity to control the plant pests 

( Sarmento et al., 2011; Marques et al., 2018).  

In nature, food items are commonly patchily distributed (Godin and 

Keenleyside, 1984). In the Jatropha system, for example, the two prey species are 

found on different parts of the host plant: P. latus attacks the apical leaves and T. 

bastosi is mainly found on the old leaves (Rosado et al., 2014). Therefore, the predators 

need to commute between plant parts to mix their diet. There are several factors that can 

influence the foraging behaviour and consequently animal performance. Foraging costs 

(i.e. time and energy spent on commuting among prey patches) will increase with 

increasing distance between patches (Abrams, 1993) and when the habitat is more 



53 

 

complex (Brown and Kotler, 2004). This occurs because the structural complexity of 

the habitat could hamper the predators to find their prey. Therefore, predators will spend 

more time and energy to find their prey with increasing habitat structure. 

 

Studies on diet mixing and its effects on fitness are normally conducted in small 

artificial arenas with the different types of food presented adjacent to each other, 

requiring limited activity and effort to obtain a balanced diet (Mody, Unsicker and 

Linsenmair, 2007). In nature, foraging efforts are required to obtain a mixed diet when 

the alternative food sources are patchily distributed and spatially separated. The 

predator then has to use some strategy to find its food and minimize its expenditure of 

time and energy.  

Previous experiments showed that the predators are actively searching for prey 

on two different patches when the distance between these patches is relatively short 

(Marques et al. 2015). Subsequent experiments have shown that there is indeed an 

optimal diet, but that various mixtures of the two prey species resulted in similar 

performance (Chapter 1). When the distance between the patches was longer, the 

predators needed to spend more time and energy to obtain a mixed diet and this resulted 

in a decrease in the performance on the mixed diet, which was no longer profitable 

compared to the better of the two single diets (Chapter 2). The question we address here 

is whether the predators forage for a mixed diet on plants on which the two prey occur 

on different plant parts rather than on artificial arenas. 

 

Material and methods 

Organisms 
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The experiments were performed in Gurupi (Federal University of Tocantins, Gurupi, 

Tocantins, Brazil). For the plants, we used seeds provided by the J. curcas plantation 

localized at the Federal University of Tocantins. The populations of herbivores (P. latus 

and T. bastosi) and the predatory mites were collected in 2009 from naturally infested J. 

curcas plants in Gurupi (11°45′47″S, 49°02′57″W). Every week, we sowed J. curcas 

seeds directly in plastic pots (5L) containing a mixture of soil and bovine manure (3:1); 

plants were watered once per day. Colonies of the broad mite P. latus were kept inside a 

cage with PVC trays (45 x 30 x 8 cm) filled with water and a sponge in the center; the 

water served to prevent mite escapes and invasion of mites and other arthropods. We 

used detached leaves from J. curcas plants (diameter c. 5 cm) to feed the colonies of 

broad mites. To prevent desiccation, a thin layer of wet cotton wool surrounded fresh 

leaves used to feed the colonies. Colonies of the spider mite T. bastosi were reared 

directly on small plants (30-days-old) kept in trays (45 x 30 x 8 cm) filled with water 

and detergent, which served to prevent mite escapes. Colonies of the predatory mite E. 

concordis were reared inside a plastic box (11 × 11 cm) on flexible PVC disks (∅ = 6 

cm) floating on distilled water. Cotton threads covered by a tent-shaped piece of plastic 

sheet were placed on the arena to serve as shelter and oviposition site. We fed the 

predatory mites daily with a small quantity of castor bean (Ricinus communis) pollen. 

All cultures were maintained in a climate room at (25 ± 2 °C, 65%–70% R.H. and a 12 

hr L/12 hr D photoperiod). 

 

Mixed-prey diets on plant 

The experiments were carried out on 30-days-old J. curcas plants with four leaves. In 

general, the leaves are petiolate, alternate to subopposite with a spiral phyllotaxis. 
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Leaves were numbered from the youngest to the oldest leaf. The leaves attacked by P. 

latus and T. bastosi are the apical and middle third leaves, respectively (Rosado et al., 

2014). Therefore, thirty adult females of P. latus were transferred to the apical leaf (leaf 

one), and the third leaf from above received thirty adult females of T. bastosi. Control 

treatments consisted of J. curcas plants with the same prey species (P. latus or T. 

bastosi). When the plant was infested with broad mites, we released them on the two 

apical leaves (leaves one and two) and when the plant was infested with T. bastosi, the 

mites were released on the two lower leaves (leaves three and four). Moistened cotton 

wool was placed on the leaf petioles that received the prey to avoid them moving to 

other leaves. After 24 hours, we removed the moistened cotton wool and all adult 

females of the two species, leaving the eggs produced by the females behind. 

Subsequently, one adult female of E. concordis (9 days old since egg stage) was placed 

between the two leaves on the stem of the plant. Each treatment was replicated 15 times. 

During four days, the oviposition of the predatory mite was recordedby carefully 

manipulating the plants under a stereomicroscope (Tecnival SQF-F, Brazil) and 

counting the eggs. We assessed the numbers of each prey species remaining on the 

leaves at the end of the experiment. Because the oviposition of the first day is affected 

by the diet of previous days (Sabelis, 1990), we did not include this in the analysis. 

The numbers of eggs produced by the adult female predators were analysed with 

a generalized linear model (GLM) with a Poisson (log link) error distribution with 

treatments as fixed factor. The numbers of prey remaining per leaf at the end of the 

experiment were analysed with a GLM with a Gaussian error distribution. In the case of 

single diets, we used the average of the number of prey remaining on the two leaves of 

the same plant. Treatments were compared through model simplification by combining 

treatment levels and comparing models using the “anova” command in R (Crawley, 
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2007). All statistical analyses were done with the statistical software R 3.3.3 (2017). All 

models were checked by plotting residuals against fitted values and checking normality 

of the error distribution. 

 

Results 

Oviposition of E. concordis differed significantly among the treatments (Fig. 1, GLM: 

Chi2 = 29.0, d.f. = 2, P < 0.001). Oviposition was significantly higher with a mixed diet 

than with the single diets, and oviposition on a diet of T. bastosi was the lowest (Figure 

1).  

 The numbers of P. latus or T. batosi that remained per leaf at the end of the 

experiment did not differ among treatments (Fig. 2, GLM: P. latus F = 0.256, d.f. = 1, P 

= 0.554; T. bastosi F = 0.757, d.f. = 1, P = 0.389). For each prey species separately, 

there is no significant variation in the numbers of prey remaining at end of the 

experiment on plants harbouring single diets or mixed diets (Figure 2). 

 

Discussion 

Our results show that the predatory mite E. concordis benefits from mixing its diet on 

intact plants (Figure 1). Whereas it has been amply shown that animals perform better 

on a mixed diet when the two diets are offered close to each other (Mayntz, 2005; 

Raubenheimer et al., 2007; Dussutour and Simpson, 2009; Jensen et al., 2012; 

Raubenheimer and Simpson, 2018), there is not much knowledge on diet mixing in a 

more natural setting. In the experiment presented here, the predators had to search for 

the two prey on different plant parts, corresponding to the occurrence of these prey on 



57 

 

small plants in the field. Although the predators presumably had to spend some time and 

energy to obtain a mixed diet, foraging for a mixed diet seems to be the better strategy 

for this predator.  Still, the distance between the two prey species on the small plants 

used here is probably shorter than the distances that the predator must travel to obtain 

mixed diets on large plants in the field. Clearly, more studies are required to show what 

happens on a large, full-grown plant in the field, but our study shows that predators are 

likely to forage for a mixed diet on small plants in the field. By foraging on a mixed diet 

on such small plants, the predators increase their oviposition rate. This results in the 

build-up of larger populations, which will turn in better control of the two pest species 

on small and vulnerable plants. The difference in oviposition is especially pronounced 

between a mixed diet and a single diet of T. bastosi. Hence, we expect that the predators 

will control this pest better in the presence of the other pest. There are now several 

examples of natural enemies that perform better on a mixed diet (Dean and Schuster, 

1995; Evans et al., 1999; Oelbermann and Scheu, 2002; Messelink et al., 2008; Muñoz-

Cárdenas et al., 2014; Marques et al., 2015), and that such natural enemies may be more 

efficient at controlling pests when they can feed on a mixed diet (Messelink et al. 2008). 

 The predators had the lowest performance when the plant contained only T. 

bastosi (Figure 1), in agreement with data presented in the first and second chapter, 

where it was also shown that E. concordis had a low oviposition rate when it was 

feeding on a diet with only eggs of T. bastosi.  This reinforces the idea that a diet of T. 

bastosi is an inferior diet for this predator. 

 When the predators change patch to mix their diet, they feed on both patches. If 

they cannot mix their diet, they could stay on the same patch, so they would eat more 

prey from one patch and less from the other patch with the same prey. We would then 

expect larger variation in the numbers of prey per leaf for the single diets than for the 
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mixed diets at the end of the experiment. However, there is no indication that the 

variation in the numbers of prey was larger with single diets than with mixed diet 

(Figure 2). 

 This study represents a first step in describing a case of an omnivore that 

actively forages for a mixed diet on a natural arena, i.e. a plant, and benefits from it. 

Probably, better biocontrol of pests is achieved when these two prey co-occur in the 

field. However, future experiments are needed to enable implementation of results like 

these. Besides, conservation biological control techniques like the association of 

spontaneous plants within J. curcas plantations present a potential to maintain predatory 

mites on the cultivated plants (Cruz et al., 2012), especially in situations of prey 

shortage in the main crop (Saturnino et al., 2005).  
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Figure 1. Oviposition of E. concordis on single- and mixed-prey diets on a plant. Plants 

contained T. bastosi plus P. latus, each on a different leaf (Mixed), or either of the two 

species on two leaves. Bars with different letters differ significantly (contrasts after 

GLM, P < 0.05). 

  

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

T. bastosi P. latus Mixed

A
v
e

ra
g

e
o

vi
p

o
si

ti
o

n
[e

g
g

s/
fe

m
a

le
/#

9
6

h
]

c

b

a



63 

 

 

Figure 2. Numbers of prey recovered per leaf from plants with the predator E. 

concordis after four days. Plants harboured either the prey T. bastosi on the two lower 

leaves, the prey P. latus on the two apical leaves, or one leaf with each (Mixed).  Grey 

bars give the numbers of T. bastosi, white bars numbers of P. latus. Per prey species, 

bars with different letters differ significantly (contrasts within prey species after GLM, 

P < 0.05). 
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Abstract 

Intraguild predation is a mix of competition and predation, and occurs when one species 

feeds on another species that uses similar resources. Theory predicts that intraguild 

predation hampers coexistence of species involved, but it is common in nature. It has 

been suggested that increasing habitat complexity and the presence of alternative food 

may promote coexistence. Reciprocal intraguild predation limits possibilities for 

coexistence even further. Habitat complexity and the presence of alternative food are 

believed to promote coexistence. We investigated this using two species of predatory 

mites, Iphiseiodes zuluagai and Euseius concordis, by assessing co-occurrence in the 

field and on arenas differing in spatial structure in the laboratory. The predators co-

occurred on the same plants in the field. In the laboratory, adults of the two mites fed on 

juveniles of the other species, both in the presence and the absence of a shared food 

source, showing that the two species are involved in reciprocal intraguild predation. 

Adults of I. zuluagai also attacked adults of E. concordis. This suggests limited 

possibilities for coexistence of the two species. Indeed, E. concordis invariably went 

extinct extremely rapidly on arenas without spatial structure with populations consisting 

of all stages of the two predators and with a shared resource. Coexistence was 

prolonged on host plant leaves with extra food sources, but E. concordis still went 

extinct. On small, intact plants, coexistence of the two species was much longer, and 

ended with the other species, I. zuluagai, often going extinct. These results suggest that 

spatial structure and the presence of alternative food increase the coexistence period of 

intraguild predators. 

 

Key words: population dynamics, bistability, extinction, predator-prey interactions, 

stage structure, biological control, Jatropha curcas  
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Introduction 

Intraguild predation (IGP, hereafter) is a mix of competition and predation and occurs 

when one species feeds on another species that uses the same resources (Polis & Holt, 

1992). In the last decades, IGP has received considerable attention because it commonly 

occurs in many ecosystems (Arim & Marquet, 2004; Holt & Polis, 1997; Morin, 1999; 

Polis & Holt, 1992; Polis, Myers, & Holt, 1989; Polis & Winemiller, 1996; Rosenheim, 

2007; Rosenheim, Kaya, Ehler, Marois, & Jaffee, 1995). Theoretical models of 

intraguild predation usually consider three species: the shared resource, the IG-prey and 

the IG-predator, and predicts that all three species can coexist only if the IG-prey is the 

better competitor for the shared resource (Holt & Polis, 1997). Even then, however, the 

parameter space for coexistence is limited to intermediate levels of productivity (Diehl 

& Feissel, 2000; Holt & Polis, 1997; Mylius, Klumpers, de Roos, & Persson, 2001), 

hence, IGP is not predicted to be common. This discrepancy between theory and reality 

has resulted in a quest for factors that increase the probability of coexistence of species 

involved in intraguild predation, such as temporal variation, alternative prey and spatial 

structure (Amarasekare, 2007; Daugherty, Harmon, & Briggs, 2007; Holt & Huxel, 

2007; Janssen, Sabelis, Magalhães, Montserrat, & van der Hammen, 2007; Mylius et al., 

2001; Rosenheim, 2007; Rudolf, 2007; Vance-Chalcraft, Rosenheim, Vonesh, 

Osenberg, & Sih, 2007). 

The stage or size of individuals often determine whether they are vulnerable or 

invulnerable to predation (Claessen, Van Oss, de Roos, & Persson, 2002; de Roos, 

Leonardson, Persson, & Mittelbach, 2002) and in the case of intraguild predation, 

whether they are predators or prey (Choh, Ignacio, Sabelis, & Janssen, 2012; 

Montserrat, Magalhaes, Sabelis, de Roos, & Janssen, 2012). In such size-structured 

systems, two predator species can attack each other’s vulnerable stages (Choh et al., 
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2012; Montserrat et al., 2012; Polis, 1984), thus engaging in reciprocal intraguild 

predation. This interaction occurs in natural systems but has not received much attention 

(Montserrat et al., 2012; Polis et al., 1989; van der Hammen, de Roos, Sabelis, & 

Janssen, 2010; Wissinger, 1992; Woodward & Hildrew, 2002). Modelling studies and 

experiments have shown that reciprocal IGP leads to mutual exclusion or alternative 

stable states, in which either one or the other competitor persists alone with the 

resource, depending on the initial densities (a so-called priority effect, HilleRisLambers 

& Dieckmann, 2003; Montserrat et al., 2012; Schellekens & van Kooten, 2012; van der 

Hammen et al., 2010).  

 Intraguild predation and reciprocal IGP is not only important in determining 

species coexistence, but also from an applied perspective. They occur frequently in 

biological control systems (Rosenheim et al., 1995), where, in theory, they would 

disrupt pest control. Although this disruption does not seem to occur very often, it does 

in some systems (Janssen et al., 2006; Rosenheim & Harmon, 2006). We therefore 

investigated the occurrence of IGP and reciprocal IGP between two predatory mite 

species that are considered for biological control of pests of the biodiesel plant Jatropha 

curcas L., on which both species occur (Marques et al., 2015; Sarmento et al., 2011).  

Predatory mites are often used for biological control (Gould, 1977; Huffaker & 

Kennett, 1953; Janssen & Sabelis, 2015; Messelink, van Maanen, van Steenpaal, & 

Janssen, 2008; Nomikou, Janssen, Schraag, & Sabelis, 2001; Ramakers, 1980; van 

Lenteren, Bolckmans, Köhl, Ravensberg, & Urbaneja, 2017; Yaninek & Hanna, 2003). 

Intraguild predation and reciprocal IGP is common in phytoseiids (Ferreira, Cunha, 

Pallini, Sabelis, & Janssen, 2011; Guzmán, Sahún, & Montserrat, 2016; Hatherly, Bale, 

& Walters, 2005; Montserrat, Janssen, Magalhães, & Sabelis, 2006; Schausberger & 

Croft, 2000), and the use of multiple species of predatory mites can therefore disrupt 
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biological control (Rosenheim & Harmon, 2006; Rosenheim et al., 1995). We therefore 

studied the interactions between two species of predatory mites: Iphiseiodes zuluagai 

Denmark & Muma and Euseius concordis Chant. These two phytoseiids attack the 

broad mite, Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae) and the spider 

mite, Tetranychus bastosi Tuttle, Baker & Sales (Acari: Tetranychidae) in Jatropha 

curcas plantations in Brazil (Sarmento et al., 2011). We investigated whether the two 

predators are involved in IGP or reciprocal IGP. As explained above, if IGP would 

occur between the two predator species, theory predicts limited possibilities for 

coexistence, and no coexistence in the case of reciprocal IGP. In both cases, theory 

predicts that combining the two species would not result in better pest control (Janssen 

et al., 2006; Rosenheim & Harmon, 2006; Rosenheim et al., 1995).  

We therefore first assessed the possible co-occurrence of I. zuluagai and E. 

concordis on the same J. curcas plants in the field, showing that the two species do co-

occur on the same plants. This would not be expected when they engage in reciprocal 

IGP, and would be less likely to occur in the case of simple IGP. Subsequently, we 

show that the two species do engage in reciprocal IGP, and that one species indeed 

rapidly excludes the other species on small arenas without spatial structure in the 

laboratory. Coexistence between the two species was considerably prolonged, however, 

on plant leaves and on intact plants, suggesting that increased spatial structure promoted 

coexistence, explaining how the two species can coexist in the field while engaged in 

reciprocal IGP.   

 

Material and Methods 

The experimental system  
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The experimental system consisted of the two predatory mite species I. zuluagai and E. 

concordis and pollen of Ricinus communis L. as a shared resource. The life cycle of 

phytoseiid mites comprises five stages: egg, larva, protonymph, deutonymph and adult. 

The two phytoseiids can develop and reproduce on pollen as well as on P. latus and T. 

bastosi, the two predominant pest species occurring on J. curcas (Sarmento et al., 

2011). This crop is becoming increasingly popular in the biodiesel industry in North 

Brazil. It is adapted to arid, stony and low fertility soils and can grow under a wide 

range of precipitation conditions (Gübitz, Mittelbach, & Trabi, 1999; Openshaw, 2000). 

For sustainable production of biodiesel, the main pests of this crop should be controlled 

without pesticides. Both predatory mites studied here have been considered for 

biological control of P. latus and T. bastosi in this crop.  

 

Co-occurrence of I. zuluagai and E. concordis in the field 

Because theory predicts that co-occurrence of the two species would not be likely when 

they would be engaged in IGP, we first assessed the co-occurrence of I. zuluagai and E. 

concordis on the same plants. Twelve surveys were carried out on 30 J. curcas plants 

located around the city of Gurupi, Tocantins State, Brazil (11o48'29"S, 48o56'39" W, 

280 m altitude), during three periods (03 – 27 March, 08 – 27 May and 18 September – 

24 October 2009). During each survey, nine leaves were collected from each plant, three 

from each canopy stratum (bottom third, medium third and top third), located from the 

fourth to eighth fully expanded leaf from the branches. Leaves were checked with a 

stereomicroscope (Tecnival SQF-F, Brazil) and mites were identified by Dr. Farid Faraj 

from the University of Amsterdam, The Netherlands, and Dr. Manoel Guedes of the 

Federal Rural University of Pernambuco, Brazil. Voucher species of mites were 

deposited in the collection of the Laboratory of Entomology at the Federal University of 



70 

 

Tocantins. Because I. zuluagai was not present in the field during the last period, only 

the first two periods could be analysed. Because predatory mites can only cover short 

distances when walking and mainly disperse passively on air currents (Johnson & Croft, 

1981; Sabelis & Dicke, 1985), the presence of the species on a plant within each of the 

other two periods probably depended on its presence on this plant earlier during the 

same period (hence, observations per plant are probably not independent). We therefore 

first scored whether each of the two species had been present on a plant during this 

entire period. To further verify the observed co-occurrence patterns, we subsequently 

treated samples within a period as independent and analysed co-occurrence data per 

sampling date. The predators were often found not to co-occur with the prey, which 

were therefore excluded from the analysis. The probability of co-occurrence of I. 

zuluagai and E. concordis on the same plants was calculated following Griffith et al. 

(2016), assuming a hypergeometric distribution. 

 

Plant material and mite rearing 

Predatory mites used for experiments were collected from natural populations on J. 

curcas plants in Gurupi, Tocantins state, Brazil (11°45’47”S, 49°02’57”W). They were 

reared  inside plastic boxes (11 x 11 cm) on flexible plastic discs ( = 6cm) floating on 

distilled water in a climate room at 28°C, 65-70% R.H. and a 12h L/12h D photoperiod. 

Small tent-like structures consisting of a folded piece of plastic with small pieces of 

cotton wool under it were supplied on the arenas, serving as oviposition substrate. A 

small quantity of castor bean (Ricinus communis) pollen was supplied daily on the 

arenas as food for the predatory mites (McMurtry & Scriven, 1964). The I. zuluagai 

colonies were also supplied with honey diluted to 50% with distilled water. Pollen was 

collected from native castor bean plants in the city of Gurupi, following the method 
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described by Gravena, Benetoli, Moreira and Yamamoto (1994) and was conserved in 

glass recipients in a refrigerator (6 °C). The mites were manipulated with a small brush 

under a magnifying glass. Populations of predatory mites were regularly transferred to 

new arenas to prevent the development of undesired microorganisms. Cohorts of 

predators of the same age were obtained by incubating adult females from the rearing 

units on a new arena with ample pollen, allowing them to oviposit for 24h, after which 

they were removed and the eggs were reared until reaching the desired stage or age.  

 

Intraguild predation in the presence and absence of a shared resource 

Intraguild predation was measured both in the presence and absence of the shared 

resource (pollen, c. 1.5 x 10-4 g per day). Plastic arenas ( = 7.5cm) as described 

previously were used. To verify whether adults of the two species fed on the juveniles 

of the other species, one gravid adult female of either I. zuluagai or E. concordis (9 days 

old since egg stage) and 30 protonymphs of the other species, all from cohorts of similar 

aged individuals, were put on an arena, either without or with ample R. communis 

pollen. Adult females were not starved before the experiment. We used protonymphs 

and not larvae because larvae would develop into protonymphs during the experiment, 

and the first protonymphs might cannibalize the remaining larvae. Because predation 

events are not very frequent in predatory mites, it was not feasible to directly observe 

predation. We therefore assessed the numbers of protonymphs consumed and the 

numbers of eggs produced by the adult female predators after 48h. Arenas with 30 

protonymphs of E. concordis or I. zuluagai without adult female predator were used to 

measure the natural mortality, and arenas with only an adult female predator and pollen 

were used to assess oviposition in the absence of intraguild predation. The experiment 

was replicated 10 times. The effect of the presence of an intraguild predator and the 
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presence of alternative food on the proportion of dead juveniles of each species was 

analysed with a generalized linear model (GLM) with a quasi-Poisson error distribution 

(logit link) to correct for overdispersion, with the number of surviving and dead 

juveniles as dependent variable. The numbers of eggs produced by the adult female 

predators were analysed with a GLM with a Poisson (log link) error distribution with 

the treatments (with or without pollen) as main factors. Contrasts among treatments 

were assessed using the multcomp package with a Tukey test (Hothorn, Bretz, & 

Westfall, 2008). All analyses were done with the statistical software R (R Development 

Core Team, 2017). 

Intraguild predation does not only involve killing individuals of the competing 

species, but also feeding on it (Polis et al., 1989), which can be observed directly, or can 

be inferred from increased survival, reproduction or development due to the feeding on 

the competitor (Fonseca et al., 2017). When this is not the case, the interaction should 

be classified as interspecific killing, an extreme form of interference competition 

(Fonseca et al., 2017). The previous experiment showed some indications that the IG-

predators benefitted from feeding on IG-prey. To further confirm this, we measured 

oviposition rates of adults when feeding on potential intraguild prey (same numbers as 

above) or without food on experimental arenas as described above. Because the 

oviposition of the first day is affected by the diet of the previous day (Sabelis, 1990), we 

did not include it in the analysis. After 48h, the numbers of eggs produced by the adult 

female predators were assessed. The experiment was replicated 10 times. Differences in 

the numbers of eggs were analysed as explained above. 

 

Population dynamics on an artificial arena with a shared resource 



73 

 

We evaluated the dynamics of mixed populations of the two predators in the presence or 

absence of pollen. Experiments were carried out on circular plastic arenas (  = 7.5 cm) 

inside plastic boxes (11 x 11 cm) filled with water. Ten adult females (9 days old since 

egg stage) of each predator species were placed on separate arenas and supplied with 

ample pollen. After six days, all life stages were present, and the number of adults, 

juveniles and eggs was assessed for each species. Subsequently, all individuals of both 

species were transferred to a clean arena, where the two species could interact. Arenas 

were supplied with either ample pollen or kept without pollen. The numbers of adults, 

juveniles and eggs of the two predators were assessed every two days until one of the 

species went extinct. The two species are easily recognized because I. zuluagai is dark, 

including its eggs, and all stages of E. concordis are light. In our cultures, each species 

persisted for longer than the duration of this experiment when supplied with pollen, and 

we therefore did not include a control in which the predator species were kept 

separately. Pollen was refreshed every day. The experiment was replicated 10 times.  

Because one of the two species went extinct 4 days after the populations of the 

two species were joined (hence, on day ten), the data of this day were strongly zero-

inflated and were not included in the statistical analysis. We therefore analysed 

differences in the number of mites on day eight with a GLM with a quasi-Poisson error 

distribution (log link), with the initial numbers on day six (when the two species were 

joined), and pollen and species as factors. Contrasts among treatments were assessed 

with general linear hypothesis testing with a Tukey correction for multiple comparisons 

(package lsmean, Lenth, 2016). 

 

Intraguild predation on adults 



74 

 

Because rapid extinction of E. concordis was observed in the previous experiment, we 

suspected that adult females of I. zuluagai killed adults of E. concordis. To verify this, 

we quantified killing of the adults of E. concordis by adults of I. zuluagai in the 

presence of shared resource (pollen). Plastic arenas ( = 7.5cm) were used as described 

above. One adult female of I. zuluagai (9 days old since egg stage) and 5 adult females 

of E. concordis (9 days old since egg stage) were put on an arena with ample pollen. A 

treatment without I. zuluagai served as control. After 48 h, the numbers of adults of E. 

concordis eaten by the adult female of I. zuluagai were assessed. The experiment was 

replicated 10 times. Predation was analysed with a generalized linear model (GLM) as 

above. 

 

Population dynamics on plants 

Because we observed that E. concordis went extinct extremely rapidly in mixed 

populations of all stages of the two predators on artificial arenas and we found no 

evidence of exclusion on J. curcas plants in the field, we evaluated the dynamics of 

mixed populations of the two predators on 30-day-old J. curcas plants with four leaves. 

Populations were prepared on plastic arenas (  = 7.5 cm) inside a plastic tray filled 

with water as described above. Ten females (9 days old since egg stage) of each 

predatory mite were placed on separate arenas and supplied with ample pollen. After six 

days, all life stages were present, and the numbers of adults were quantified for each 

species. Subsequently, all individuals of both species were transferred to the plants, 

where the two species were allowed to interact. In the first treatment both E. concordis 

and I. zuluagai were placed on the newest leaf on the apical part of the plant. In the 

second treatment, E. concordis were placed on the newest leaf and I. zuluagai on the 

leaf below, and in the third treatment, I. zuluagai were placed on the newest leaf and E. 
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concordis on the leaf below. A control was added with only I. zulugai to verify whether 

it could persist on plants. 

The plants were supplied with 1.5 x 10-4 g of R. communis pollen daily, weighed 

on a precision balance (Shimadzu, Kyoto-Japan) and placed on the leaves with the 

predators with a fine brush. The numbers of adults were quantified every two days until 

one of the species went extinct. It was impossible to count juveniles and eggs without 

destructive sampling. Each treatment was replicated 10 times. The numbers of mites 

were ln(x+1) transformed and were analysed with a linear mixed-effects model with 

treatment (i.e. release schedule) and time as fixed factors and time within plant as 

random factor. Contrasts among treatments were assessed as above. Differences in time 

to extinction of the populations were tested with a Cox proportional hazards model 

(Therneau, 2013). 

 

Population dynamics on leaves with pollen and honey  

Here, we evaluated the dynamics of the two predators on a leaf with leaf hairs and 

trichomes and in the presence of pollen and honey. The leaves of J. curcas are 

palmately veined, cordate to truncate at the base. Together, the venation and the 

trichomes form structures that potentially reduce encounters between the predators 

(Ferreira et al., 2011). Honey was added because the experiments above showed that I. 

zuluagai did not persist on plants with a diet of pollen alone. Leaves (diameter c. 5 cm) 

were placed inside plastic boxes (11 x 11 cm) filled with water. Ten females (9 days old 

since egg stage) of each predator species were placed on separate arenas and supplied 

with a large quantity of pollen and honey. After six days, all life stages were present, 

and the number of adults, juveniles and eggs was assessed for each species. 

Subsequently, all individuals of both species were transferred to a clean leaf, where the 



76 

 

two species were allowed to interact. The leaves were supplied with 1.5 x 10-4 g of R. 

communis pollen daily and 3.7 x 10-2 g of honey once per week. The number of eggs, 

larvae, nymphs and adults of the two predators was assessed every two days until one of 

the species went extinct. Populations of only I. zulugai or E. concordis kept on the same 

arenas served as control. The experiment was replicated 10 times. The total numbers of 

mites (log(x+10) transformed) were analysed with a linear mixed-effects model with 

treatment (alone or together) and time as fixed factors and time within replicate as 

random factor.   

 

Results  

Co-occurrence of I. zuluagai and E. concordis in the field 

Euseius concordis was found in 64.6 % of the samples and I. zuluagai occurred in 21.7 

% of the samples. Analysis of the overall co-occurrence data of the two entire sampling 

periods in which both species occurred showed that the observed values were not 

significantly different from expected. Hence, there was no evidence that the two species 

excluded or avoided each other (Table 1). The number of plants on which the two 

species co-occurred was significantly higher than expected from an independent 

distribution in three out of the eight sampling dates, and it was not significantly higher 

on the other five days (Table 1). We conclude that the two species do co-occur at least 

during several generations on the same plants in nature. Because theory predicts that 

possibilities for co-occurrence are reduced when species are engaged in IGP, we 

subsequently tested the occurrence of IGP and reciprocal IGP in the laboratory. 

 

Intraguild predation in the presence of a shared resource 
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The mortality of juveniles of E. concordis varied significantly among treatments (Fig. 

1a, GLM, F3,36 = 70.9, P < 0.001). In the presence of large amounts of pollen, the 

mortality of protonymphs was higher in the presence than in the absence of adult 

females of I. zuluagai (Fig. 1a, 1st and 2nd bar). The mortality of juvenile E. concordis 

was higher without pollen than with pollen (Fig. 1a, 2st and 4th bar). The mortality did 

not differ between the two treatments without pollen, probably because it was very high 

in both cases (Fig. 1a, 3rd and 4th bar). Oviposition by I. zuluagai was significantly 

affected by treatment (Fig. 1b, GLM, Chi2 = 16.5, d.f. = 3, P = 0.0009), and it was more 

than twice higher in the presence of pollen than in its absence (Fig. 1b, compare first 

two bars with last two bars). Feeding on juveniles of E. concordis resulted in an 

increase in oviposition, but this effect was not significant (Fig. 1b, compare 1st with 2nd 

bar and 3rd with 4th).  

 The mortality rate of juvenile I. zuluagai also differed significantly among 

treatments (Fig. 2a, GLM, F3,36 = 22.4, P < 0,001). In the presence of pollen, the 

mortality of juvenile I. zuluagai was significantly higher in the presence of adult female 

E. concordis than in its absence (Fig. 2a, cf. 1st with 2nd bar). Mortality of juvenile I. 

zuluagai was significantly higher without pollen than with it (Fig. 2a, cf. the 1st with the 

3rd bar and the 2nd with the 4th bar). The mortality did not differ between the two 

treatments without pollen, but was not very high. Perhaps the adult E. concordis fed 

mainly on starving and dying protonymphs, which may be easier to capture. The type of 

diet affected the oviposition rate of E. concordis (Fig. 2b, GLM, Chi2 = 13.6, d.f. = 3, P 

= 0.003). The addition of protonymphs of I. zuluagai increased the oviposition rate of E. 

concordis, but this effect was not significant (Fig. 2b, cf. the 1st with 2nd bar and 3rd with 

4th bar). The oviposition rate of E. concordis was highest when the mites were feeding 

on pollen and protonymphs of I. zuluagai (Fig. 2b).  
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Because of the non-significant trends of an increase in oviposition by the IG 

predators in the presence of IG prey, we further tested oviposition in a separate 

experiment. The oviposition by I. zuluagai was significantly higher in the presence of 

juveniles of E. concordis than without food (Fig. 3a, GLM, d.f. = 1, 38, Chi2 = 9.0, d.f. 

= 1, P = 0.003). Likewise, the oviposition by E. concordis was also significantly higher 

in the presence of juvenile I. zuluagai than without food (Fig. 3b, GLM, Chi2 = 4.3, d.f. 

= 1, P = 0.04). Together, this shows that the two species are involved in reciprocal 

intraguild predation (Fonseca et al., 2017).  

 

Population dynamics on a shared resource 

The populations of both species increased in the period preceding the mixing of the 

populations from 10 individuals to 20-30 individuals on the 6th day, confirming our 

experience with rearing both species on a diet of pollen. After joining the two 

populations of predators on day 6, E. concordis invariably went extinct within 4 days, 

even in the presence of pollen (Fig. 4). The population of I. zuluagai persisted only in 

the presence of pollen. The densities of both species on day 8 was significantly affected 

by the numbers of predators present when the two species were joined (GLM, F1,36 = 

5.32, P = 0.027) and by the interaction between the presence of pollen and the other 

species (F1,35 = 419.2, P = 0.0001). This interaction was caused by the densities of I. 

zuluagai being affected by the presence of pollen, but those of E. concordis not (Fig. 4, 

general linear hypothesis testing after GLM).  

 The rapid extinction of the populations of E. concordis suggests that I. zuluagai 

did not only target juveniles and perhaps eggs of the other species, but also adults. 

Indeed, the number of adult E. concordis decreased from 18.7  2.26 (mean  s.e.) to 

zero in the absence of pollen, and from 20.2  2.39 to 3.6  1.03 individuals in the 
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presence of pollen. As intraguild predation on adult females is rare in Phytoseiidae, we 

further confirmed this in the following experiment.  

 

Intraguild predation on adults 

The mortality of adult E. concordis was much higher in the presence of an adult I. 

zuluagai than in its absence (average mortality with I. zuluagai ± s.e.: 0.42 ± 0.07; 

without: 0.04 ± 0.027; GLM, Chi2 = 23.0, d.f. = 1, P < 0.0001). There was no mortality 

of adult I. zuluagai.  

 

Population dynamics on plants 

In contrast to the experiments on artificial arenas, the two populations now persisted for 

a much longer period (Fig. 5). There was a significant effect of the interaction between 

treatment and time on the average densities of E. concordis (LME, Chi2 = 10.4, d.f. = 2, 

P = 0.0054): densities were significantly lower when it was released on the same leaf as 

I. zuluagai (Fig. 5a). Two and one populations of E. concordis went extinct before I. 

zuluagai when both species were released on the same leaf or when I. zuluagai was 

released on the highest leaf respectively. In all other replicates of all treatments, I. 

zuluagai went extinct first. There was no significant difference in densities of I. 

zuluagai among treatments (Fig. 5b, LME, Chi2 = 4.41, d.f. = 2, P = 0.11). Time to 

extinction of populations of I. zuluagai did not differ significantly among treatments 

(Cox proportional hazards, Likelihood ratio test = 3.56, d.f. = 2, P =0.17). This species 

eventually also went extinct when present alone on a plant (Fig. 5c), and although it 

took somewhat longer to go extinct than in the presence of E. concordis, this difference 

was not significant (Cox proportional hazards, Likelihood ratio test = 3.17, d.f. = 1, P = 

0.075).   
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Population dynamics on leaves with pollen and honey 

The populations of both predator species alone persisted on a plant leaf with pollen and 

honey for the entire experimental period (Figure 6a and c). After joining the two 

predator populations on day 6, E. concordis invariably went extinct before day 16, 

whereas I. zuluagai persisted (Fig. 6b and d). All stages went extinct at the same time, 

confirming that I. zuluagai attacked all stages of E. concordis (Figure 6b). For each 

species, there was a significant effect of the interaction between time and treatment 

(with or without the other species) on the total numbers of mites (LME, E. concordis: 

Chi2 = 19.7, d.f. = 1, P < 0.0001; I. zuluagai: Chi2 = 5.85, d.f. = 1, P = 0.016). Contrasts 

between the two time series showed significant differences between treatments for both 

species (Figure 6). For I. zuluagai, the two time series differed in the first part of the 

experiment, but this difference disappeared in the second half (Figure 6c and d). 

 

Discussion 

We show that the two species of predatory mites engaged in reciprocal intraguild 

predation, with adults of the two species feeding on each other’s juveniles. The adult 

females of both species showed a significant increase in reproduction on a diet 

consisting of juveniles of the other species (Fig. 3), suggesting that they did not just kill 

the juveniles, but also fed on them. Furthermore, the adult females of I. zuluagai killed 

adults of E. concordis, causing E. concordis going extinct extremely rapidly in mixed 

populations of all stages of the two predators on arenas without spatial structure (Fig. 

4). We do not know whether the adults of I. zuluagai benefited from feeding on adults 

of the other species, i.e. whether this qualified as intraguild predation. Without pollen, 

we encountered no eggs of I. zuluagai at the end of the experiment, suggesting that the 



81 

 

population of I. zuluagai was also going extinct, and could perhaps not reproduce on a 

diet of adult E. concordis only. Possibly, adult I. zuluagai killed the adults of the other 

species to avoid that these would kill the offspring of the adult female I. zuluagai.  

 Intraguild predation is a common phenomenon in nature (Arim & Marquet, 

2004; Polis et al., 1989). In general, the IG-predator feeds on the smaller stages of the 

IG-prey, and it is less common that adults of one species attack the adults of the other 

species (Polis et al., 1989). Adults of I. zuluagai (dorsal shield on average 343 x 278 

μm) are bigger than adult of E. concordis (309 x 207 μm) (Lofego, 1998) and this might 

render adults of E. concordis vulnerable to predation by adults of the former species. 

On plants, the period of coexistence of both populations was much longer than 

on artificial arenas and on leaves. This was perhaps caused by the increased spatial 

structure offered by plants compared to artificial arenas. It is known that plant structures 

may reduce the encounter and predation rates between predators (Ferreira et al., 2011; 

Pozzebon, Loeb, & Duso, 2015; Roda, Nyrop, Dicke, & English-Loeb, 2000; Schmidt, 

2014). Habitat structure can reduce the effects of intraguild predation by reducing the 

strength of the interaction between intraguild predator and intraguild prey (Janssen et 

al., 2007). Probably, leaf structures such as trichomes may have affected the coexistence 

of the predators in our experiments. In contrast to the experiments on artificial arenas, I. 

zuluagai ultimately went extinct on the plants, and not E. concordis. Although the 

densities of E. concordis were significantly lower when it was released on the same leaf 

as I. zuluagai (Fig. 5a), E. concordis persisted and I. zuluagai went extinct.  However, 

we found that I. zuluagai did not persist on plants with pollen only (Fig. 5c) and the 

time to extinction was not significantly affected by the presence of E. concordis (Fig. 

5b,c). Perhaps the extinction of I. zuluagai was not caused by the interaction with E. 

concordis, but by the lack of a suitable diet. Indeed, when providing honey as a diet 



82 

 

supplement on arenas consisting of single leaves, populations of I. zuluagai persisted, 

resulting in E. concordis again going extinct (Fig. 6), in line with theoretical predictions 

of the effects of alternative food for intraguild predators (Daugherty et al., 2007; Holt & 

Huxel, 2007). Together, these results show that an interplay between spatial structure 

and alternative food sources determine coexistence and exclusion of species involved in 

intraguild predation (Pozzebon et al., 2015). This may explain the co-occurrence of the 

two species on plants in the field. Possibly, the absence of I. zuluagai from the field in 

September – October, which is the end of the dry season in the study area, even from 

plants without E. concordis was also caused by the lack of a suitable diet. 

In theory, reciprocal intraguild predation, as was found here, reduces 

possibilities for coexistence even more than simple IGP (HilleRisLambers & 

Dieckmann, 2003). Earlier experimental work on systems with reciprocal intraguild 

predation, but with adults being invulnerable to attacks by the other species, has shown 

the possibility of bistability in the dynamics (Montserrat, Magalhaes, Sabelis, de Roos, 

& Janssen, 2008; Montserrat et al., 2012). The mechanism behind this is that resident 

populations with a high density of adults can prevent the invasion of the other species 

by killing all its offspring. In the system studied here, this bistability is likely to occur 

less, because the adults of E. concordis are vulnerable for intraguild predation. Hence, I. 

zuluagai could probably even invade in populations with high densities of E. concordis 

adults. Hence, our experiments on plastic arenas suggest low probabilities for 

coexistence of these two predators in the field. In contrast, we found no evidence of 

exclusion of either of the species on Jatropha plants in the field, and prolonged periods 

of co-occurrence on single plants in the laboratory. We suggest that plants offer 

structural complexity that reduces the strength of intraguild predation, thus resulting in 

increased coexistence of the two species.  
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Table 1. Co-occurrence of the predatory mites E. concordis and I. zuluagai on Jatropha 

curcas plants in the field. 

Perioda E. 

concordisb 

I. zuluagaib Both Exp(both)c Pd 

March 

overall 
28 6 6 5.6 0.634 

3 9 3 3 0.9 0.02 

10 25 3 2 3.5 0.43 

18 17 4 3 2.3 0.41 

27 10 0 0 0  

May overall 29 22 20 21.3 1 

8 25 13 13 10.8 0.043 

15 22 9 9 6.6 0.035 

22 28 12 12 11.2 0.35 

29 19 8 5 5.1 0.64 

a Sampling was done in 3 periods, March, May and September-October 2009. Data from 

the last period are excluded because I. zuluagai was not encountered. Given are first 

overall co-occurrence data (i.e. presence/absence on plants during the entire month of 

March or May) and subsequently data for the four samples during the months with day 

of the month (i.e. March 3rd, 10th, etc.); b number of plants out of 30 sampled on which a 

species was encountered, including plants on which the other species was also 

encountered; c expected number of plants with co-occurrence; d probability of 

encountering both species the observed number of cases or more extreme, based on a 

hypergeometric distribution (Griffith et al. 2016). Significant values are given in bold. 
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Figure 1 (a) Numbers of dead juvenile E. concordis (mean ± SE) after 48h in the 

presence or absence of ample pollen and in the presence or absence of adult I. zuluagai. 

(b) Oviposition rates (mean ± SE) after 48h of the adult I. zuluagai in the same 

experiments. Letters inside the bars indicate significant difference among treatments 

(contrasts after GLM).  
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Figure 2(a) Numbers of dead juvenile I. zuluagai (mean ± SE) after 48h in the presence 

or absence of ample pollen and in the presence or absence of one adult female E. 

concordis. (b) Oviposition rates (mean ± SE) after 48h of the adult E. concordis in the 

same experiments. Letters inside the bars indicate significant difference among 

treatments (contrasts after GLM).   
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Figure 3 (a) Numbers of eggs (mean ± SE) produced by (a) adult female predatory 

mites I. zuluagai when feeding on juvenile E. concordis, and by (b) adult female 

predatory mites E. concordis when feeding on juvenile I. zulugai. Adult females of both 

species were allowed to feed on the juveniles of the other species for two days, but only 

oviposition rates of the second day were included to avoid effects of previous diet. 

Different letters above the bars indicate significant differences between treatments. 
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Figure 4 Mean total (all stages) numbers of mites (mean ± SE) of I. zuluagai (triangles) 

and E. concordis (circles). Populations of both species were started with 10 adult 

females and were allowed to grow on pollen for 6 days. Subsequently, populations of 

the two species were released on the same arena either with (drawn lines) or without 

(interrupted lines) pollen as a shared food source. See text for further explanation. 
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Figure 5 Mean (± s.e.) numbers of adults of E. concordis (a) and I. zuluagai (b) per 

plant. Populations of both species started with 10 adult females and were allowed to 

grow on pollen for 6 days. Both species were either released on the upper leaf (Same 

leaf, diamonds) or one of the species was released on the upper leaf and the other one 

leaf down (E. concordis up and I. zuluagai up). (C) Only individuals of I. zuluagai were 

released. See text for further explanation. The letters in the legend show significance of 

differences among treatments for E. concordis (contrasts after lme). Treatments did not 

differ significantly for I. zuluagai.  
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Figure 6 Mean numbers of eggs (open circles), immatures (open diamonds), adults 

(open triangles) and total mites (closed circles) of E. concordis (a and b) and I. zuluagai 

(c and d) per leaf, either alone (a, c) or together with the other species (b, d). 

Populations of both species started with 10 adult females and were allowed to grow on 

pollen and honey for 6 days. Subsequently, populations of the two species were released 

on the same leaf or on different leaves, in all cases with pollen and honey as food. 

Letters to the left of the total curves indicate a significant difference between the total 

numbers in the mixed and single populations. For reasons of clarity, s.e. are only shown 

for total numbers. 
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GENERAL CONCLUSIONS 

 

In this thesis, I show that diet and habitat heterogeneity affect food web interactions and 

coexistence of predators.  In Chapter 1, I show that diet choice affects the performance 

of a predatory mite. In the absence of spatial structure, the predatory mite E. concordis 

balanced its diet by feeding on mixtures of T. bastosi and P. latus. A diet that 

maximized the performance of the predator was composed of c. 1/3 T. bastosi and 2/3 

P. latus. Hence, to ensure a higher fitness the predator seems to select for a mixed diet 

consisting of a higher proportion of P. latus.  

In Chapter 2, I studied the effect of spatial structure on diet choice, showing that 

the predators no longer search for an optimal diet when they have to cover some 

distance to obtain such a diet. However, In Chapter 3, I used a more natural spatial 

structure, i.e. a plant, and show that the predators perform better on a mixed diet. Hence, 

E. concordis is able to cover long distances on a plant to mix its diet in order to find the 

two natural prey species.    

The positive effects of mixed diets on predator performance is likely to result 

in better biocontrol of these two pests on Jatropha curcas when both pests are co-

occurring on the same plants compared to plants where they occur singly, because the 

mixed diet results in an increase of predator densities and thus improves efficiency of 

the biological control. Further experiments are needed to demonstrate the relationships 

between pest levels and yield to enable the application of the results obtained here. 

 In Chapter 4, I show that diet and spatial structure affect co-occurrence of two 

predators that are engaged in IGP. The predatory mites E. concordis and I. zuluagai co-

occur in the field but are involved in IGP or reciprocal IGP. However, spatial structure 
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and alternative food sources promoted the coexistence of these two predators. For these 

experiments, the predators were supplied with pollen and honey as alternative food 

sources. An open question is whether the two naturally occurring prey could also 

promote the coexistence of the two predators. Although the predators co-occur in 

the field, it does not mean that they provide better control together. Future experiments 

should test the dynamics of the two pest mites in the presence of each predator 

separately and also with both predators together. 

 In conclusion, these results suggest that to improve the persistence of predators 

in the field it is important to increase the spatial structure of the habitat and the food 

items of the predator’s diet.  


