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Abstract

Spatial distributions of animals can affect interactions with their natural enemies, such as parasites,

and thus have important implications for host–parasite dynamics. While spatial variation in infec-

tion risk has been explored in many systems at the landscape scale, less attention has been paid

to spatial structure at smaller scales. Here, we explore a hypothesized relationship between a

common spatial variable, vertical position, and risk of parasite infection in a model aquatic system,

larval frogs (Rana) and trematode (Digenea) parasites. Vertical position is relevant to this system

given evidence that the densities of snail first intermediate hosts, tadpole second intermediate

hosts, and trematode infective stages can vary with depth. To test the effects of depth on infection

risk of larval frogs by trematodes, we performed two enclosure experiments, one in the laboratory

and one in the field, in which larval frogs in cages just below the water surface or near the bottom

of the water column were exposed to parasites. Compared with near-surface cages, mean infection

load (number of cysts) in tadpoles in near-bottom cages was 83% higher after 48-h exposures in

the laboratory and 730% higher after 10-day exposures in the field. Our findings thus indicate that

infection risk depends on depth, which may have adaptive significance, as tadpoles have previous-

ly been shown to change vertical position in response to parasite presence. These results motivate

future work examining vertical variation in infection risk and may have broader implications for

host–parasite dynamics and evolution of host and parasite behavior.
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The spatial distributions of animals can greatly affect the outcome

of their interactions with natural enemies (Turchin and Kareiva

1989; Jokela and Lively 1995). For instance, structuring of popula-

tions in space via avoidance, refuge use, or aggregation behaviors

can mediate impacts of predators (Rohlfs and Hoffmeister 2004;

Winder et al. 2005), parasitoids (Hochberg and Holt 1995), and

parasites (Comins et al. 1992; Sapp and Esch 1994; McCurdy et al.

2000; Fredensborg and Poulin 2006) on prey or host fitness. The ex-

tent to which natural enemies spatially overlap with their victims

influences predator attack rates on prey or host contact rates with

infectious agents, with potential consequences for population dy-

namics and evolution (Boots and Mealor 2007; Messinger and

Ostling 2013). However, some common elements of spatial struc-

ture have not been fully explored.

For instance, while vertical spatial structure has been shown to

play a role in some predator–prey relationships (e.g., Lampert

1989), the influence of vertical spatial structure on natural enemy

interactions remains unclear in a large number of systems. Many

habitats are vertically structured, such as rainforests, soils, and

aquatic habitats, which results in vertical structure of ecological

communities (e.g., Carr 1991; Kalko and Handley 2001). In such

habitats, vertical positioning can be important for animals, as phys-

ical or biotic factors that vary with height or depth can influence the

likelihood of successful attacks by enemies. For example, in aquatic
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systems, water column position is thought to affect predation risk

faced by many animals (e.g., small fish and zooplankton) due to

depth-dependent changes in light and temperature conditions that

affect the ability of predators to find or capture prey (Hays 2003;

Hrabik et al. 2006). Similarly, water column position may also in-

fluence risk from parasites (Jokela et al. 1999), due to factors such

as vertical variation in intermediate host distributions (Marcogliese

2002), movement of motile infectious stages in response to light and

gravity (Platt et al. 2010), or other physical factors that vary verti-

cally and could influence transmission, such as temperature (Poulin

2006). However, although vertical variation in infection risk is

sometimes assumed based on observed patterns in parasite distribu-

tions across heights or depths, direct experimental tests are rare (but

see, e.g., Poulin and Fitzgerald 1989; King et al. 2011, Nikolaev

et al. 2017).

Behavior plays a critical role in determining animal spatial pos-

ition and susceptibility to natural enemies. For instance, prey may

favor open versus structured habitats based on perceived risk de-

pending on predator abundance and composition (Meutter et al.

2005). Similarly, host behavior can influence parasitism (e.g., con-

tact and infection rates) across a variety of host–parasite systems via

several mechanisms, such as spatial and temporal avoidance, para-

site removal, and post-infection behaviors to reduce detrimental

effects (e.g., Moore and Freehling 2002; Milan et al. 2012; Bui et al.

2019). In particular, avoidance behavior is the first line of defense

for hosts, due to typically lower resource costs than immunity (Zuk

and Stoehr 2002), and in some instances can be more important for

mitigating infection risk than immunological defenses (e.g., Daly

and Johnson 2011). Spatial avoidance behaviors, such as vertical

movement in the water column by aquatic animals, may thus be a

relatively low-cost strategy to reduce infection risk.

Here, we assess whether water column position affects the risk

of infection in a system where a vertical behavioral response to para-

sites has previously been observed. Specifically, we examined how

infection in Rana (¼Lithobates) tadpoles by a common group of

trematode parasites, echinostomes (Digenea: Echinostomatidae),

depends on host vertical position. A previous study found that the

proportion of Rana clamitans tadpoles (common second intermedi-

ate hosts) at the water surface is 253% higher when infective stages

(cercariae) of echinostomes are present (Marino 2016a). We hy-

pothesize that this vertical movement behavior by the hosts is an

adaptive response to vertical variation in infection risk. Such vari-

ation in infection risk could arise because, for example, echinostome

cercariae orient vertically using light cues from the water surface

(McCarthy 1999; Platt and Dowd 2012). For instance, cercariae of

several echinostome species have been observed in the laboratory to

aggregate toward the bottom of the water column (Loy et al. 2001),

which could cause increased infection risk with increased depth.

Furthermore, the density of snail first intermediate hosts from which

the cercariae emerge could also be higher near the bottom (Boag

1981), which could also increase infection risk in deeper water.

However, other factors may counteract the effects of downward cer-

cariae movement or vertical structure in snail distributions on infec-

tion risk. For instance, predation on cercariae by benthic

invertebrates (Orlofske et al. 2012; Rohr et al. 2015) may reduce

cercariae abundance near the bottom of the water column. We thus

performed experiments to test for the presence of vertical variation

in infection risk in both the laboratory and field. In both settings, we

used enclosures to restrict tadpole vertical position while exposed to

trematode cercariae. We then quantified infection and assessed

whether observed spatial variation was consistent with our

hypothesis that the previously observed vertical movement in re-

sponse to parasite presence is adaptive.

Materials and Methods

Study system
Echinostomatidae is a widely distributed family of digenetic tremat-

odes and a useful model for understanding host–parasite interac-

tions (Johnson and McKenzie 2009). The echinostome life cycle

involves three hosts (reviewed by Szuroczki and Richardson 2009).

Adult echinostomes reproduce sexually in the intestinal tract of a

bird or mammal definitive host, and eggs are passed through the

host’s feces. Eggs hatch into miracidia, which then infect an aquatic

snail first intermediate host. After entering the snail, asexual repro-

duction occurs, after which free-swimming cercariae emerge and in-

fect the second intermediate host (commonly larval amphibians or

another snail); the echinostome life cycle is complete when the de-

finitive host consumes the second intermediate host and the parasite

matures to the adult stage.

In tadpoles, echinostome cercariae infect the nephric system

(mesonephri, nephric ducts, and pronephri) by entering through the

cloaca (Thiemann and Wassersug 2000). Infection of Rana tadpoles

can cause edema (Schotthoefer et al. 2003), age- and stage-

dependent mortality (Holland et al. 2007), and delayed onset of

metamorphosis (Orlofske et al. 2017).

A variety of behaviors in larval amphibians have been linked to

reduced risk of infection by trematodes. For species such as R. cla-

mitans and R. catesbeiana, a generalized increase in activity is linked

to reduced risk of infection by echinostome cercariae (Koprivnikar

et al. 2006; Koprivnikar et al. 2014). Rana and Bufo tadpoles also

utilize sudden bursts of speed and twisting when they sense cercariae

on their skin, a behavior that helps to dislodge parasites and thereby

reduce infection (Taylor et al. 2004). Finally, tadpoles have also

been shown to engage in a horizontal avoidance response to the

presence of cercariae (Rohr et al. 2009).

Animal collection and maintenance
All amphibians used in experiments were collected as egg masses

from wetlands near Peoria, IL during June 2017. As these wetlands

are located on privately owned land, permission was obtained from

landowners prior to retrieving eggs. We collected two partial R. cat-

esbeiana egg masses from two ponds (used in the lab experiment)

and two partial R. clamitans egg masses from a single pond (used in

the field experiment). Different species were used in the lab and field

experiments due to availability of tadpoles at the initiation of each

experiment; because these species are closely related (Hillis and

Wilcox 2006) and similar in their ecology (Herrick et al. 2018), we

expected that both species would respond similarly to exposure to

echinostome cercariae (Koprivnikar et al. 2006, 2014; Marino

2016b). Eggs were reared to tadpoles in 19 L aquaria containing re-

verse osmosis-filtered water at 21�C under 12 h:12 h light:dark cycle

in the Animal Care Facility at Bradley University. After hatching,

tadpoles were fed Grreat ChoiceVR Rabbit Food ad libitum prior to

use in the experiment. All research was performed in accordance

with guidelines from Bradley University’s Institutional Animal Care

and Use Committee.

Laboratory experiment
To examine vertical structure in infection risk in a controlled setting,

we conducted a laboratory experiment using tadpoles in enclosures
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located at either the surface or near the bottom of large tanks.

Tadpole enclosures were constructed using plastic mesh sewn into

rectangular sleeves (22�50 cm). A frame of plastic fencing fash-

ioned into a hollow, open-ended cylinder (20 cm tall, 12 cm diam-

eter) was inserted into the mesh to maintain a cylindrical shape. The

mesh size (1.5�1.5 mm) was small enough to contain tadpoles and

exclude predators (e.g., predatory insects or small fish), while large

enough to allow passage by trematode cercariae (as well as zoo-

plankton and phytoplankton in the field experiment). On Day 1, we

filled 6 68 L plastic tanks (�55 cm long�45 cm wide�36 cm tall)

with 60 L reverse osmosis-filtered water. Each tank contained one

non-floating (bottom) cage and one floating (surface) cage. One

polystyrene block (�2 cm�2 cm�10 cm) was inserted into the sur-

face cages for floatation (Figure 1). Using nets, we transferred 3 R.

catesbeiana tadpoles (Stage 25, Gosner 1960) to each enclosure. To

provide food for the short-term experiment, we added one small

piece (�50 mg) of rabbit food per tadpole to each cage. To examine

potential effects of cages on infection, we also added two free tad-

poles per tank and additional rabbit food accordingly.

To provide a source of echinostome cercariae, 1 infected

Planorbella (¼ Helisoma) trivolvis snail was placed at the center of

each tank; we did not restrict snail movement within tanks. We

included snails as the source of cercariae to provide a relatively con-

tinuous source of parasites more similar to that experienced by tad-

poles in nature compared with the alternative of counting and

adding cercariae directly to tanks. We note that snails inevitably

vary in the number of cercariae released, although we did not expect

this variation to influence general vertical patterns in infection. One-

third of an algae disc (Tetra PlecoWafers
TM

) was also placed into

each tank to provide additional food for snails. To obtain infected

snails, P. trivolvis were collected from two ponds in Fulton County,

IL, 2–4 days prior to the start of experiment. Snails were screened

for infection by placing them individually in plastic sample cups

filled with �50 mL water and placing them under 53 W lamps for

3 h (modified from Koprivnikar et al. 2006). We examined each

snail for patent infection under a microscope and used a morpho-

logical key for identification (Schell 1985). The putative identity of

the cercariae was Echinoparyphium sp., based on morphology

(Schell 1985) and 28S ribosomal DNA sequencing for cercariae

from P. trivolvis from our study site (Steenrod et al., unpublished

data, after Marino et al. 2017). Six snails that were actively shed-

ding cercariae were stored in a 3�C refrigerator until the start of the

experiment.

After 48 h (Day 3), all tadpoles were sacrificed and then subse-

quently preserved in 70% ethanol for later dissection. To quantify

infection load, we dissected the mesonephri, pronephri, and nephric

ducts and counted the number of echinostome metacercariae in each

tadpole.

Field experiment
To examine vertical structure in infection risk in a field setting, we

conducted an experiment to measure parasite infection in tadpoles

placed in enclosures either at the surface or near the bottom of a

pond. Based on a field survey of trematodes in ponds in central

Illinois prior to the experiment (Steenrod et al., unpublished data),

we identified a pond [40.536314, �89.864681] at Banner Marsh

State Fish and Wildlife Area (Fulton County, IL) known to contain

Physa spp. and P. trivolvis snails infected with echinostomes

(Echinoparyphium and possibly other echinostomes, such as

Echinostoma, which has been found at nearby ponds) and which

serves as a breeding site for multiple frog species. Snails within the

pond are typically found either on the mud substrate or attached to

submergent or emergent vegetation (J. Marino and J. Jones, personal

observation). The pond is manmade and approximately rectangular

(�18�53 m), with a maximal depth of �2 m during the experi-

ment. Permission to use the site was obtained through the Illinois

Department of Natural Resources. The enclosures used were the

same as those used in the laboratory experiment.

On Day 1, 16 sets of 5 R. clamitans tadpoles (Stage 25, Gosner

1960) were transported to the field site in 1 L plastic containers con-

taining reverse osmosis-filtered water. We distributed 8 stakes

(150 cm tall polyvinyl chloride (PVC) pipe, 1 cm diameter) within

the pond, each inserted �15 cm into the substrate and at similar

depths (�1.2 m). Two sets of 4 stakes were located on the east and

west sides of the pond, with stakes on each side �10 m apart. Five

tadpoles were transferred into each enclosure. Prior to the experi-

ment, tadpoles were sorted so that those included in the experiment

were of similar size and then randomly assigned to each enclosure.

A polystyrene block (�2�2�10 cm) was also placed in each en-

closure to provide buoyancy. Enclosures were tied with plastic zip

ties and secured to the stake either just below the surface of the

water or at 0.75 m depth (2 enclosures per stake�5 tadpoles�8

stakes ¼ 80 tadpoles). On Day 11, we collected, sacrificed, and sub-

sequently preserved all tadpoles from all cages in 70% ethanol. We

measured snout-vent length (SVL) and Gosner (1960) stage for each

Figure 1. Schematic diagram of setup used for laboratory experiment. For the top view, the cages were of equal size (see “Materials and Methods” section), but

the deeper cage is represented as smaller as it would appear to an observer from above.
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animal. To quantify infection load, we dissected the mesonephri, pro-

nephri, and nephric ducts to quantify intrarenal metacercariae (i.e.,

echinostomes, as for the laboratory experiment) and also inspected

the body and viscera for the presence of extrarenal metacercariae. In

this case, we suspect that extrarenal metacercariae are most likely a

plagiorchid, which result from cercariae that penetrate the tadpole’s

skin (Rohr et al. 2010), due to their position in the host and the

known presence of plagiorchids in the experimental pond (Steenrod

et al., unpublished data). Data for any tadpoles that died during the

experiment were not included in analyses. In addition, 1 tadpole sur-

vived the experiment but was degraded prior to dissection and is

therefore included in analyses of survival but not infection or SVL.

Statistical analyses
We analyzed trematode infection load (number of metacercariae)

and prevalence (proportion of tadpoles examined that were infected)

in tadpoles from the laboratory and field experiments using general-

ized linear mixed effect models with a negative binomial distribution

and a binomial distribution, respectively. For the laboratory experi-

ment, we included a fixed effect of water column position (top cage,

bottom cage, or free) and a random effect of tank. For the field ex-

periment, we included a fixed effect of water column position (sur-

face or near bottom) and a random effect of stake; as we observed

both intra- and extrarenal metacercariae in the field, separate analy-

ses were performed for intrarenal, extrarenal, and total metacercar-

iae. We also examined how SVL (log-transformed to better meet

assumptions of the statistical test) and survival differed depending

on water column location in the field experiment using a general lin-

ear mixed effect model and a binomial generalized linear mixed

effects model, respectively, with a random effect of stake.

Likelihood ratio tests (LRT) were performed to determine the sig-

nificance of model terms comparing a model including the water

column predictor to a null model excluding that predictor.

Results

Laboratory experiment
One tank was excluded from analysis because no infection was

observed, presumably because the snail produced few or no

cercariae during the experiment duration. Tadpoles differed in final

infection load depending on whether they were in a cage at the sur-

face of the tank, caged at the bottom of the tank, or free. Free tad-

poles experienced the highest infection load, with the lowest load

observed in tadpoles enclosed in cages at the top of tanks (Figure 2:

LRT: v2 ¼ 18.93, df ¼ 2, P<0.001). Tadpoles in cages on the bot-

tom were on average infected with 83% more metacercariae than

tadpoles in cages at the top. Prevalence (percent of tadpoles that

experienced infection) was significantly higher in free (100% preva-

lence) and bottom-enclosed (87% prevalence) tadpoles compared

with surface-enclosed tadpoles (47% prevalence; v2 ¼ 12.30, df ¼ 3,

P¼0.0015). A comparison excluding the free tadpoles from

the analysis indicated that the difference in infection load between

tadpoles in cages at the bottom or top of tanks was marginally

non-significant (LRT: v2 ¼ 3.79, df ¼ 1, P¼0.052), whereas the dif-

ference in prevalence was significant (v2 ¼ 6.12, df ¼ 1, P¼0.013).

There was no mortality across all tanks and cages.

Field experiment
We were unable to recover cages from one stake, limiting analyses to

7 replicates. Furthermore, upon collection, 2 enclosures were found

to have small holes, via which tadpoles or potential predators (e.g.,

dragonfly larvae) possibly could have moved in or out of the enclo-

sures; we therefore excluded those enclosures from our analyses.

Whether combining both types of metacercariae or analyzing

them separately, tadpoles in cages at the surface experienced lower

infection loads than those in cages deeper in the water column

(Figure 3A and B; LRT: total metacercariae 730% higher in bottom

cages; v2 ¼ 40.27, df ¼ 1, P<0.001; intrarenal metacercariae 331%

higher in bottom cages; v2 ¼ 18.56, df ¼ 1, P¼0.004; extrarenal

metacercariae 1624% higher in bottom cages; v2 ¼ 46.34, df ¼ 1,

P<0.001). Prevalence of infection with both intrarenal and extrare-

nal metacercariae was 100%, whereas prevalence of infection in

near-surface cages was significantly lower (Figure 3C and D; intrare-

nal: v2 ¼ 8.81, df ¼ 1, P¼0.0030; extrarenal: v2 ¼ 20.68, df ¼ 1,

P<0.001)—64% and 41% for intra- and extrarenal metacercariae,

respectively.

We found 62.9% (22/35 tadpoles) and 76.0% (19/25 tadpoles)

survival in top and bottom enclosures, respectively (Figure 4A);

Figure 2: (A) Echinostome infection load (number of cysts ¼metacercariae) and (B) prevalence in Rana catesbeiana tadpoles in surface enclosures, bottom enclo-

sures, or free in the 5 tanks where infection was observed on Day 3 of the laboratory experiment. Each tank contained 3 tadpoles in the surface enclosure, 3 tad-

poles in the bottom enclosure, and 2 free tadpoles. Lower case letters above boxes indicate significant differences (P<0.05).
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there was no significant difference in survival across depths (LRT:

v2 ¼ 0.89, df ¼ 1, P¼0.34). SVL of tadpoles in cages at the surface

were larger than tadpoles in deeper cages (Figure 4B, v2 ¼ 6.04,

df ¼ 1, P¼0.014). However, post-hoc analyses of infection incorpo-

rating SVL as a covariate did not indicate an association between

SVL and infection load (P>0.1) and suggest that variation in SVL

did not influence the results of either the lab or field experiment. All

tadpoles were at Gosner Stage 25 at the end of the experiment ex-

cept 1 individual at Stage 27.

Discussion

Our results indicated that trematode infection of larval anurans

depends on vertical position in the water column. The laboratory ex-

periment suggested a pattern in infection occurs with depth, with

83% higher infection loads and 85% higher prevalence near the bot-

tom of the water column, although the difference in load was mar-

ginally non-significant, potentially due to the limited sample size

(n¼5) and shorter duration compared with the field study. In the

field, a similar but more striking pattern occurred, as tadpoles expe-

rienced significantly greater infection loads and prevalence with

both echinostome (intrarenal) and extrarenal metacercariae when

deeper in the water column (0.75 m) compared with just below the

surface.

One potential explanation for the observed depth-dependent in-

fection risk is cercaria phototaxis and vertical movement. For ex-

ample, a study in which cercariae of multiple trematode species

were exposed to light of varying intensity and direction found that,

regardless of light intensity, cercariae of the echinostome,

Echinostoma revolutum, tend to swim away from a light source

(Loy et al. 2001). Other studies of echinostomes have similarly

shown negative phototaxis, particularly as cercaria age and infectiv-

ity increases (McCarthy 1999; Platt and Dowd 2012). In ponds,

therefore, light entering at the water’s surface could serve to repel

echinostome cercariae downward, aggregating them deeper in the

water column and presumably increasing infection risk for hosts at

greater depths. Similarly, another study found that for two pla-

giorchid species, aggregation toward the bottom of the water col-

umn was typical unless the water was made to be turbulent

(McCarthy et al. 2002). Our results build on these previous studies

by demonstrating that such parasite behaviors likely have conse-

quences for transmission, even in field conditions.

A second proposed explanation for the observed difference in in-

fection risk between depths is uneven vertical distribution of the first

intermediate hosts, snails. Increased densities of mollusk first inter-

mediate hosts at greater depths may translate into increased risk of

trematode infection for second intermediate hosts, such as tadpoles,

at those depths. Many species of aquatic snail, for instance, tend to

occur relatively deep in the water column (Boag et al. 1984;

Marklund et al. 2001), including Planorbella and Physa (Boag

1981), which could in turn lead to higher densities of cercariae at

greater depths and may thus have contributed to the observed pat-

terns in infection.

The observed change in infection risk with depth likely has con-

sequences for infection rates experienced by hosts in nature.

Tadpoles frequently occupy the bottom of the water column, as they

are scrapers that consume periphyton on the substrate and also may

move deeper to avoid predators (Relyea and Werner 1999). Our

results suggest that this use of deeper microhabitats may come at a

cost of greater risk from parasite infection, which could have im-

portant implications for host–parasite dynamics. Furthermore, such

effects are unlikely to be unique to this system. For other parasite

taxa besides trematodes (e.g., nematodes, acanthocephalans), fac-

tors (e.g., light, temperature) that vary with depth or height may

similarly mediate the movement of free-living infective stages

(Sciacca et al. 2002; Tanaka et al. 2013) or intermediate hosts. The

Figure 3. Number of (A) intrarenal (echinostome) or (B) extrarenal cysts (metacercariae) and prevalence of infection with (C) intrarenal and (D) extrarenal cysts in

Rana clamitans tadpoles in either near-surface enclosures (7 enclosures, 22 tadpoles) or near-bottom enclosures (5 enclosures, 18 tadpoles) on Day 11 of the field

experiment. Lower case letters above boxes indicate significant differences (P< 0.05).
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vertical space use behavior of free-living parasite stages and inter-

mediate hosts may thus be of concern for assessing spatial variation

in infection risk more generally.

Another implication of our results is that variation in infection

risk could influence host behavior. Although we did not measure be-

havior here, we previously observed an increase in the proportion of

tadpoles near the water surface in response to the presence of cercar-

iae (Marino 2016a). Our findings here indicating vertical variation

in infection risk support the hypothesis that this vertical host move-

ment reflects an adaptive avoidance response by tadpoles to reduce

exposure and infection. Our results are thus in line with other stud-

ies which have detected spatial avoidance behavior in larval amphib-

ians in response to trematodes (Rohr et al. 2009; Koprivnikar and

Penalva 2015), but here in the vertical direction. A follow-up study

that combines behavioral observations of hosts with a measure of in-

fection risk could provide further insight into potential evolutionary

implications of vertical variation in infection risk.

An unexpected result was that the free tadpoles in the laboratory

experiment experienced the highest infection loads compared with

tadpoles in enclosures, despite our expectation that the free tadpoles

would be better able to avoid parasites. There may be a number of

reasons why we observed this pattern; cages may have deterred cer-

cariae from infecting caged tadpoles or free tadpoles may have

encountered parasites at a greater rate as a result of greater freedom

to swim around the tanks (e.g., Wilson et al. 1993). In addition, the

food for both snails and tadpoles typically sank to the bottom of the

tanks, so that free tadpoles may have spent more time near the bot-

tom than if food was evenly distributed across depths.

One additional consideration is that body size can influence in-

fection. Increased body size is known to correlate with higher infec-

tion load in both field (Marino et al. 2017) and experimental

(Marino et al. 2016) settings; therefore, the larger size of tadpoles in

the cages near the water surface is unlikely to explain the observed

pattern in infection in our field experiment. It is possible, however,

that the higher infection loads observed when tadpoles were deeper

resulted in higher energetic costs, which could have contributed to

lower growth rates during the experiment (Orlofske et al. 2017).

In summary, we have presented novel evidence of a link between

water column position and parasite infection risk in the larval

amphibian-trematode system, which was generally consistent across

field and laboratory settings. Due to the close association between

spatial distribution and behavior, this finding has implications for

anti-parasite behavior (Marino 2016a) and is likely relevant in other

vertically structured host–parasite systems (e.g., Poulin and

Fitzgerald 1989; Jokela et al. 1999). Overall, our study thus adds

new insight into the complex system of factors that govern natural

enemy interactions in space.
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