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The acanthocephalan parasite Acanthocephalus dirus infects the freshwater isopod Caecidotea intermedius as an intermediate host before completing its life cycle in a fish. Transmission to the definitive host occurs after the parasite has reached the cystacanth stage and development into this stage is associated with changes in several behavioral and physiological traits of the host. Despite the numerous examples of trait modification in this system, little is known about the multidimensional nature of this modification. Here, we examined the relationships between cystacanth infection, and expression of multiple traits (body color, refuge use, activity, and body size) of both male and female C. intermedius. The pattern of multidimensional modification was determined for males and females and then measures of behavioral plasticity, individual consistency, and trait correlations were obtained for the modified traits. The results revealed that the overall pattern of host modification differed between males and females. Infected males and females showed similar decreases in body color but differed in changes to the other traits. Infected females were larger and less active than uninfected females, whereas infected males spent less time in refuge than uninfected males. A comparison between two situations revealed that refuge use exhibited high levels of plasticity and activity exhibited high levels of consistency and that these patterns differed based on both host sex and infection status. Analysis of the relationships among modified traits showed that traits appeared to be modified independently of each other and that correlations between traits that existed in one situation were absent in another. We suggest that the pattern of multidimensional modification is sex-specific and that the traits are modified independently. We also show that the patterns of multidimensional modification were not associated with variation in either parasite intensity of parasite size indicting that competitive interactions among parasites did not appear to act as a constraint on host modification.
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INTRODUCTION

The importance of parasites to host behavior has become evident in recent years with numerous studies documenting parasite-related trait modification in parasites that are trophically transmitted (e.g., Moore, 2002; Lefèvre et al., 2009; Poulin, 2010; Hughes et al., 2012; Lafferty and Shaw, 2013). Although several examples of changes to individual traits have been documented, less is known about multi-trait modification (Cézilly and Perrot-Minnot, 2005, 2010; Thomas et al., 2005, 2010, 2012; Lefèvre et al., 2009; Poulin, 2010; Adamo, 2012, 2013; Cézilly et al., 2013; Perrot-Minnot and Cézilly, 2013). Studying multidimensional modification is beneficial because it allows for an examination of the relationships among modified traits, which can provide insights into proximate mechanisms underlying modification (Cézilly and Perrot-Minnot, 2005; Benesh et al., 2008; Perrot-Minnot et al., 2014), and because it can help to determine if the relationships among traits may be the targets of manipulation (Poulin, 2010). In addition, when multidimensional modification is examined across different situations, the potential importance of behavioral plasticity (differences in behavior between situations), and individual consistency (consistent among-individual variation in behavior) to trait modification can be determined (e.g., Barber and Dingemanse, 2010; Coats et al., 2010; Hammond-Tooke et al., 2012; Cézilly et al., 2013; Poulin, 2013; Seaman and Briffa, 2015). We examined the simultaneous modification of multiple traits in male and female hosts across two situations in a host in which multiple behavioral and physiological traits have been shown to be modified individually.

Another aspect of multidimensional modification that requires more analysis concerns the impacts of competitive interactions among parasites that share a host. Numerous studies have shown that host sharing can impact parasite development, growth, body size, and energy content, and that each of these factors has the potential to influence trait modification (Read and Phifer, 1959; Roberts, 2000; Dezfuli et al., 2001; Sparkes et al., 2004, 2006; Benesh and Valtonen, 2007a; Franceschi et al., 2008, 2010; Benesh et al., 2009a; Dianne et al., 2010, 2012; Caddigan et al., 2014, 2017). If competitive interactions among parasites influence the patterns of development, growth, and energy allocation, and if manipulation is costly, then parasites may benefit by adopting strategies that balance the conflicting demands associated with their own growth, and development with those that are associated with host manipulation (e.g., Poulin, 1994a; Parker et al., 2003; Thomas et al., 2005, 2011; Michaud et al., 2006; Ball et al., 2008; Franceschi et al., 2010; Maure et al., 2013). Consistent with this type of mechanism, infection of an aquatic isopod by an acanthocephalan parasite is associated with decreases in both parasite energy content, and modification of host behavior (mating) at higher intensities of infection (Caddigan et al., 2014, 2017). Thus, by examining the relationship between parasite intensity and multidimensional modification, insights can be gained into both manipulation strategies, and constraints that may be imposed on these strategies by competition.

Acanthocephalans are trophically transmitted parasites that infect arthropods as intermediate hosts and vertebrates as definitive hosts (Kennedy, 2006). Modification of host traits is relatively common in these parasites and there is evidence that these changes increase predation by definitive hosts (e.g., Camp and Huizinga, 1979; Brattey, 1983; Moore, 1983; Lagrue et al., 2007; but see Kaldonski et al., 2009; Perrot-Minnot et al., 2012). Numerous major insights have been gained in the area of host modification by researchers working on the relationship between acanthocephalans and amphipod hosts (Gammarus spp., e.g., Cézilly et al., 2013). Running parallel to these studies, several decades of research on acanthocephalan-related modification in isopod hosts have identified similar patterns to those identified in amphipod hosts.

Representative publications on trait modification in isopods from the early 1970s until 2017 are summarized in Table 1. These studies document that modification occurs in at least nine isopod-acanthocephalan relationships from eight countries (Brazil, England, Finland, Poland, Italy, Japan, Scotland, United States) representing four continents (Asia, Europe, North America, South America). The numerous modified traits include those that are expected to influence conspicuousness (e.g., body color, body size, activity, refuge use), those that may influence patterns of energy allocation (e.g., reproduction, feeding behavior, energy content), and those that are associated with proximate mechanisms that may underlie trait modification (e.g., serotonin, dopamine). Several general patterns have emerged from these studies. First, body color is often modified but this modification can occur in different ways. In European systems, acanthocephalan infection is associated with increased deposition of melanin, and an overall “darkening” of the body color. In contrast in American systems, acanthocephalan infection is often associated with a “lightening” of the body color due to a decrease in pigment deposition. Both types of color changes are expected to increase contrast with the natural background, and hence increase conspicuousness to definitive hosts. Second, modification can occur in a sex-specific manner. For example, suppression of mating in infected females is typically associated with an atrophy of the reproductive organs which appears to be irreversible. In contrast, mating suppression in males is behavioral, and the effect can be reversed. Third, almost all of the studies have been conducted on individual traits examined at the population-level (i.e., changes in average trait value), which emphasizes the need for studies that examine trait modification from a multidimensional perspective (see Benesh et al., 2008 for the exception).


Table 1. Examples of acanthocephalan-related modification of behavioral and physiological traits of isopod hosts.
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The freshwater isopod Caecidotea intermedius is a host of the acanthocephalan parasite Acanthocephalus dirus and undergoes modification of behavioral and physiological traits (Table 1). Generally, infected C. intermedius have a more conspicuous body color, and are more likely to be located in the open than uninfected isopods, which is associated with an increased rate of predation on infected individuals (Camp and Huizinga, 1979). This behavioral shift does not appear to be due to energy constraints because feeding behavior is not increased in the open (Hechtel et al., 1993; Korkofigas, 2007) and because infected individuals contain more stored energy (glycogen and lipid) than uninfected individuals (Korkofigas et al., 2016). There is also evidence of sex-specific effects of modification in this host-parasite relationship. Infected males and females are less likely to engage in mating behavior than uninfected males and females (Sparkes et al., 2006). In males, this decrease is due to a reduction in the behavioral response to females during an encounter and is reversible (Bierbower and Sparkes, 2007). In contrast, mating suppression in females is associated with atrophy of the reproductive organs and appears to be irreversible (Oetinger, 1987; Sparkes et al., 2006).

We examined the relationships among A. dirus infection and trait modification for four traits: refuge use, activity, body color, body size. All four of these traits have the potential to influence transmission by increasing conspicuousness of infected isopods to predatory definitive hosts (Holomuzki and Short, 1988, 1990; Huang and Sih, 1990; Sparkes, 1996; Hargeby et al., 2004, 2005). Using these approaches, we addressed the following specific questions. (1) Does simultaneous multidimensional modification occur and is the pattern of modification sex-specific? Given that there is sexual size dimorphism in C. intermedius, parasites are expected to adopt different strategies of host exploitation in male and female hosts to maximize their own fitness payoffs. (2) Do phenotypic correlations occur among modified traits? Proximate mechanisms that are shared among modified traits are expected to modify multiple traits in a correlated manner. (3) Is there plasticity and consistency in behavior modification between situations? Changes in trait expression between situations provides insights into the importance of local conditions to behavior modification and determines whether parasite infection may be shaping animal personalities. (4) Is the pattern of multidimensional modification associated with variation in parasite characteristics? A negative relationship between host modification and infection intensity could indicate that competition among parasites acts as a constraint on the strategy of host manipulation adopted by the parasites.

MATERIALS AND METHODS

Infected and uninfected C. intermedius were collected from Buffalo Creek located in Lake County, Illinois, USA (42°11′9″N, 88°3′27″W). In this population, development of A. dirus is relatively synchronous with infection of C. intermedius occurring during the late-spring and summer when eggs are consumed with detritus (Sparkes et al., 2004). Inside the isopod, the parasite develops from the larval stage (acanthor) to the mature stage (cystacanth) in ~2–3 months (Sparkes et al., 2004), which results in the A. dirus population being dominated by cystacanths during late-winter and spring. After this time, all surviving isopods senesce, which removes any remaining A. dirus cystacanths from the population (Wahl and Sparkes, 2012). Definitive hosts in this site include creek chub (Semotilius atromaculatus), green sunfish (Lepomis cyanellus), and bluegill sunfish (Lepomis macrochirus). During the spring (~9–11 months post-infection), several traits are modified in infected isopods (Table 1).

To determine if A. dirus infection was associated with multidimensional modification, we examined variation in the expression of four traits (refuge use, activity, body color, body size) in males, and females. Refuge use and activity were measured both at the field site and in the laboratory (on the following day). Measures of body color and body size were obtained for each individual after the measures of behavior had been collected. This was not expected to be a concern because body color has been shown to be consistent over longer time-periods than were examined here (Hargeby et al., 2004) and because changes in body size require a molt, which would have been identified it if had occurred. The plasticity and consistency of behavior was assessed using the measures of refuge use and activity obtained at the field site and in the laboratory.

Isopods were collected from Buffalo Creek on 5 days during April and May, 2015 (April 11, 18, 26, May 3, 10) between 10:00 and 10:30 in the morning. On each day, the isopods were captured by both running a net through submerged vegetation and by placing a net downstream while lifting rocks from the substrate. Natural variation in body color was used to distinguish between infected isopods (white or yellow colored) and uninfected isopods (brown colored). Infection status was later confirmed using dissections, and isopods were re-categorized prior to analysis. Dimorphism in size and shape between the sexes was used to differentiate between males and females (Keogh and Sparkes, 2003).

The animals used in the study did not require approval from the Institutional Animal Care and Use Committee (IACUC) because they are invertebrates.

Refuge Use and Activity

To determine the relationships between refuge use and A. dirus infection, we used a behavioral assay with individuals from the four focal groups (uninfected male, infected male, uninfected female, infected female). Isopods were collected from the stream and assigned to holding arenas (round plastic containers, 8 cm diameter, 5 cm height, partially-filled with stream water) where they acclimated for 5 min prior to trial (n = 48 per day, n = 240 total). Each isopod was then transferred to an experimental arena (rectangular plastic container, 26 × 15 × 12 cm, partially-filled with stream water), which sat inside a larger tray located on the stream-bank (89 × 42 × 16 cm). Each tray contained four experimental arenas and each arena housed one member of each of the four groups. One isopod from each group was assigned to one of the holding arenas in each tray using a random number table (Lentner and Bishop, 1986). Experimental arenas also contained three ellipsoid-shaped rocks purchased from a pet supplier. The rocks were pre-sorted into three categories (small ≈ 28 × 19 × 9 mm, medium ≈ 31 × 22 × 11 mm, large ≈ 35 × 26 × 12 mm) and placed in the arena in a line. Each rock was raised from the base of the arena by three small pebbles that were attached to the underside of the rocks using aquarium glue. Observations of refuge use were made every 5 min for a total of 30 min, yielding six data points per trial (5, 10, 15, 20, 25, and 30 min). During each observation, we recorded whether the isopod was exposed (on top of the rock, on the side of the rock, or in the open) or in refuge (under the rock). For the analysis of refuge use for each isopod, the percentage of time spent in refuge was calculated using the six values obtained per trial.

Following completion of the behavioral trials, each isopod was transferred to a holding arena (8 cm diameter, 5 cm height, partially-filled with stream water) prior to use in the activity trials. To determine if the activity of isopods was associated with A. dirus infection, grids (2.5 × 2.5 cm) were placed beneath activity arenas (round, transparent, plastic containers, 18 cm diameter, 8 cm height partially-filled with stream water). Isopods were then transferred to the activity arenas, and observed individually for 5 min. During each observation, the total number of grid lines crossed was recorded using a hand tally-counter. These values were then converted to distance measures (cm) by multiplying the number of gridlines crossed by 2.5.

On completion of the activity trials, each isopod was placed individually into a vial (50 ml) filled with stream water and transported to the laboratory on the DePaul campus. In the laboratory, isopods were transferred to individual holding arenas (8 cm diameter, 5 cm height, partially-filled with stream water) and left undisturbed overnight. On the following day, refuge use and activity trials were run during the same time-period, and with the same procedures that were used at the field site. Each isopod was then frozen (−20°C) in an Eppendorf tube to maintain the body color in its field state (Hargeby et al., 2004; Benesh et al., 2008). The sex of each isopod was confirmed with a dissecting microscope using anatomical characters (presence of oöstegites or a brood pouch in females, presence of enlarged gnathopods and hemi-peni in males).

Body Color and Body Size

Body color measures were obtained using image analysis software (ImageJ: https://imagej.nih.gov/ij/) on digital images captured using a Cannon PowerShot SX40 HS digital camera. Isopods were photographed individually from a standardized orientation and distance (13 cm). For each image that was captured, the isopod was defrosted and laid flat in a tray and photographs were taken of the dorsal surface. This surface was used because it represents the region of the isopod that would most likely be observed by predators (Benesh et al., 2008). Each photograph also included a measurement scale (10 mm) and a color reference (white, several yellows, and several browns) that was based on region 5.5YR–2.5Y from a color strip available in Lenneberg and Roberts (1956). The color reference included the range of colors typically observed in infected and uninfected isopods (white, yellow, brown).

Measurements of body size and body color were obtained using the digital images captured of each isopod. Body size was calculated as the dorsal surface area (mm2). To measure body color, we created a color index, which included two color components (color type, proportion of body with color). To measure the type of color, we created a color scoring system that ranged from 0 to 8. A score of zero was associated with no color (white appearance) and would represent an isopod that lacked color pigment. Scores between 1 and 8 included isopods than ranged in color from light yellow (score = 1) to dark brown (score = 8). These values were then divided by 8 to yield standardized values that ranged from 0 to 1. The proportion of the body that contained color pigment (proportion color) was measured for the entire dorsal surface. To obtain this measure, we first recorded the surface area of the body and then recorded the areas of all regions of the body that contained brown pigment. The intestines, which are dark colored and visible through the exoskeleton, were excluded (Hargeby et al., 2004). The proportion of color was then calculated as the area containing color pigment divided by the total area of the body. To obtain an overall measure of color (color index), we calculated an average of the two color scores. This value was then used because it accounts for variation in both color measures. We also used principal component analysis (PCA) to obtain principal component values to represent color. The PC analysis was run in parallel with those for color index. The color index was preferred for data visualization because the values obtained are more intuitive than principal component values.

Parasite Characteristics

Isopods were dissected to obtain measures of parasite characteristics (intensity, size) that may be relevant to patterns of host modification. For each A. dirus recovered, we recorded developmental stage (acanthella cystacanth), length, and width. Length and width were used to calculate parasite volume [((π × length × width2)/6), Dezfuli et al., 2001]. An individual was categorized as a cystacanth if it had undergone invagination of the proboscis and if there was complete development of both the reproductive organs and the spines of the proboscis (Hasu et al., 2007). Parasite sex was assigned based on the presence of testes or ovarian balls. Parasite intensity was recorded as the number of A. dirus present per infected isopod (Bush et al., 1997).

Data Analysis

Analysis was performed using Systat (version 13). The relationships between parasite infection, body color, behavior (refuge use, activity), and body size were analyzed separately for males and females. The values used were generally not normally distributed (Shapiro–Wilk test) despite transformations; therefore, non-parametric tests were used (Mann–Whitney U-tests). To determine the level of consistency and plasticity of the behaviors measured (refuge use, activity), we used the values obtained both at the field site and in the laboratory for the same individuals. Plasticity was assessed using Wilcoxon tests (paired by individual organisms) with two-sided probabilities calculated from an approximate normal variate. Consistency was assessed using Kendall's correlation of concordance (Briffa et al., 2008). Spearman rank-order correlations were used to analyze the relationships between trait-pairs. To determine the potential impact of parasite characteristics (parasite intensity, parasite size) on each of the focal traits, we used Spearman rank-order correlation analysis.

RESULTS

Body color was used at the field site to tentatively assign infection status (infected and uninfected), and body size was used to assign isopod sex. On completion of the dissections, the sex and infection status of each isopod was confirmed. Sex was assigned correctly for all of the isopods, and infection status was assigned correctly for 89% of the isopods. In all cases, isopods that were categorized incorrectly at the field site appeared to be uninfected (i.e., dark brown coloration) but contained one or more A. dirus parasites. Following the recategorization of isopods, the sample sizes that were available for analysis were as follows: male-uninfected, n = 40, male-infected n = 49, female-uninfected, n = 42, female-infected, n = 48 (total = 179). These numbers represent a relatively significant reduction in sample size based on the number of organisms that were originally collected for the study (noriginal = 240, nfinal = 179, reduction = 25%). This reduction was due to several factors (e.g., mortality at the field site and in laboratory, escape in the laboratory), and will need to be accounted for more effectively in future studies.

For the infected isopods that were included in the analysis, mean parasite intensity was 1.4 (SD = 0.61, range = 1–4, nA.dirus = 131). The A. dirus that were present were typically in the cystacanth stage (93%), and the female to male sex ratio (F:M) was ~1:1 (53F:47M). These values were generally similar between male and female hosts (male hosts: mean intensity = 1.4, cystacanths = 93%, sex ratio = 53F:47M; female hosts: mean intensity = 1.3, cystacanths = 93%, sex ratio = 53F:47M). There was no detectable difference in either parasite intensity or parasite size (mean volume) between male hosts and female hosts (intensity: U = 1,037, df = 48,49, P > 0.05, size: U = 1,020, df = 48,49, P > 0.05).

Multidimensional Modification

The relationships between infection status and modification of each of the focal traits are summarized in Table 2. The effect of infection on body size differed between the sexes (males: U = 1,174, df = 49,40, P > 0.05; females: U = 1618, df = 48,42, P < 0.001). Infected and uninfected males did not differ in body size. In contrast, infected females were larger than uninfected females (Figure 1).


Table 2. Multidimensional modification in the C. intermedius—A. dirus relationship.
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FIGURE 1. Relationship between body size, host sex, and infection status in C. intermedius. Body size measures (surface area, mm2) were obtained from digital images of the dorsal surface of the body. M, male; F, female; U, uninfected; I, infected. ***Indicates P < 0.001.



The two measures of color that were used to create the color index (color type, proportion color) were highly correlated (rs = 0.87). Figures 2, 3 illustrate the variation in color index present for infected and uninfected individuals. Body color differed between infected and uninfected isopods for both sexes (males: U = 218, df = 49,40, P < 0.001; females: U = 232, df = 48,42, P < 0.001). Infected isopods were generally light in color (color type = 0–2), with most of the dorsal surface lacking pigmentation (proportion color = 0.01–0.06). In contrast, uninfected isopods were generally dark brown in color (color type = 6–8), with most of the body containing pigmentation (proportion color = 0.8–1.0). Principal component (PC) values obtained for the correlated measures of color explained 91% of the variation in the components. The same patterns as those described above were found using the PC-values (males: U = 214, df = 49,40, P < 0.001; females: U = 232, df = 48,42, P < 0.001).
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FIGURE 2. Relationship between color, host sex, and infection status in C. intermedius. Shown are representative images of color variation for each of the four groups (uninfected males, infected males, uninfected females, infected females).
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FIGURE 3. Frequency distributions of color index values. Relative frequencies of color index measures for members of each of the four groups. (A) Uninfected and infected males. (B) Uninfected and infected females. Values ranged from 0 to 1 and represent measures of both color type and body coverage. A value of 1 represents an individual with dark brown coloration that is present over the entire dorsal surface of the body. Values for uninfected individuals are shown in gray and values for infected individuals are shown in white.



Refuge use and activity showed sex-specific effects of infection (Table 2). Refuge use differed between infected and uninfected males (U = 732, df = 49,40, P < 0.05) but not females (U = 917, df = 48,42, P > 0.05). In contrast, activity differed between infected and uninfected females (U = 666, df = 48,42, P > 0.05) but not males (U = 916, df = 49,40, P > 0.05). Infected males spent less time in refuge than uninfected males and infected females were less active than uninfected females.

Trait Correlations

The relationships between trait-pairs for uninfected and infected males and females were assessed using Spearman correlation analysis (Table 3). For males, refuge use and body color were modified and these values were not correlated in either uninfected or infected individuals. For females, body color, activity, and body size were modified and only activity, and body color were correlated in uninfected individuals (i.e., dark-colored females were more active). However, this correlation was not retained in the laboratory (rs = −0.05, P > 0.05). None of the modified traits were correlated in infected females. For the non-modified traits, correlations occurred between body size and refuge use, body size and activity, and body size and color in infected males. These correlations were not present in uninfected males. Excluding the relationship between body size and body color (i.e., traits measured in one location only), none of these correlations were retained in the laboratory (body size—refuge use, rs = −0.26, P > 0.05; body size—activity, rs = −0.15, P > 0.05).


Table 3. Spearman correlation coefficients between traits for infected and uninfected male and female isopods.
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Plasticity and Consistency of Behavior

Measures of plasticity and individual consistency of behavior are summarized in Table 4.


Table 4. Estimates of plasticity and consistency for each behavior measured in two situations (immediately after collection at the field site, 24 h after collection in the laboratory).
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For the modified traits (male refuge use, female activity), there was plasticity in refuge use for both uninfected males (uninfected males, z = 3.7, P < 0.001), and infected males (z = 5.0, P < 0.001), and there was plasticity in activity for uninfected females (z = 2.1, P < 0.05) but not infected females (z = 0.6, P > 0.05). The use of refuge was generally decreased in the laboratory (for both males and females) whereas activity was only decreased in the laboratory for one group (uninfected females).

Analysis of the measures of individual consistency for the modified traits revealed that activity generally showed higher levels of consistency than refuge use between the two situations (Table 4). For the modified traits, there was consistency in refuge use for infected males (W = 0.74, df = 48, P < 0.05) but not uninfected males (W = 0.58, df = 39, P > 0.05). Similarly, there was consistency in activity for infected females (W = 0.68, df = 47, P < 0.05) but not for uninfected females (W = 0.50, df = 41, P > 0.05).

Parasite Characteristics and Multidimensionality

The relationships between parasite characteristics and multi-trait expression are summarized in Table 5. None of the traits that were modified in males or females were correlated with either parasite intensity or parasite size. Parasite size was correlated with host size for male hosts. Parasite intensity and parasite size were not correlated with each other in either male hosts (rs = 0.007, P > 0.05) or female hosts (rs = −0.08, P > 0.05).


Table 5. Relationships between intensity of infection (mean number of A. dirus per infected host), parasite size (mean volume) and trait expression in male (n = 49) and female (n = 48) C. intermedius.
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DISCUSSION

The importance of studying host modification from a multidimensional perspective has been emphasized in recent years (e.g., Cézilly and Perrot-Minnot, 2005, 2010; Thomas et al., 2005, 2010, 2012; Benesh et al., 2008; Poulin, 2010; Cézilly et al., 2013; Perrot-Minnot et al., 2014). The results obtained here showed that modification was multidimensional and that the pattern of multidimensionality was sex-specific. Infected male C. intermedius expressed less body color and were more likely to be located in the open than uninfected males. In contrast, infected females expressed less body color, were less active, and were larger than uninfected females. Analysis of the phenotypic correlations among traits showed that the modified traits were not typically correlated with each other indicating that trait modification appears to be occurring through independent mechanisms. Measures of plasticity and consistency of the behavioral traits showed that plasticity was generally high for refuge use and consistency was generally high for activity. Additionally, consistency increased for modified traits in both males (refuge use) and females (activity). Finally, there appeared to be no effect of competitive interactions among parasites on multidimensional modification for either male or female hosts. Figure 4 provides a visual representation of the major results obtained in the study and we discuss the implications of these findings to patterns of host modification in this as well as other host-parasite relationships below.
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FIGURE 4. Summary of results obtained for multidimensional modification in C. intermedius. Patterns of modification differed between the sexes but were not affected by variation in parasite intensity. A decrease in body color was the only trait modified in both sexes. Measures of plasticity and individual consistency were obtained for activity and refuge use in two situations (field site, laboratory).



Multidimensionality

Multidimensionality refers to the modification of multiple host traits, which can occur either simultaneously or sequentially (Cézilly and Perrot-Minnot, 2005, 2010; Thomas et al., 2005, 2010, 2012; Cézilly et al., 2013). Thomas et al. (2010) proposed that traits should only be considered multidimensional if they are involved in the parasite transmission process. In contrast, Cézilly and Perrot-Minnot (2010) proposed that all traits that are manipulated by parasites should be included in the analysis of multidimensionality because they are part of an infection syndrome. In the current study, we examined four traits (body color, body size, activity, refuge use) that have been shown to be associated with predation in other studies (body color—(Hargeby et al., 2004, 2005); refuge use and activity—(Holomuzki and Short, 1988; Huang and Sih, 1990); body size—(Holomuzki and Short, 1990); Sparkes 1996). There is also direct evidence that infected C. interemedius are more likely to be consumed by predatory definitive hosts than uninfected individuals (Camp and Huizinga, 1979). Thus, trait modification may be directly linked to trophic transmission in this system, which also appears to be the case in other isopod-acanthocephalan systems (e.g., Asellus aquaticus–Acanthocephalus lucii, (Brattey, 1983); Plagiorhynchus cylindraceus–Armadillidium vulgare, Moore, 1983).

In terms of the specific results obtained here, we found that multidimensionality occurred in both sexes but that the pattern of multidimensionality differed between the sexes. Body color was the only trait examined that was modified in a similar manner in both sexes. The decrease in expression of color identified in infected individuals would increase conspicuousness of the infected individuals against the dark-colored sediment of the stream. This elevated conspicuousness is expected to increase predation (Hargeby et al., 2004), and hence favor transmission to definitive hosts (Camp and Huizinga, 1979). Detailed analysis of the pigment changes associated with this color change have revealed that the modification appears to be due to either an interference of existing pigment pathways or a regulation of these pathways (referred to as pigment dystrophy, Oetinger and Nickol, 1981, 1982a). In this mechanism, the developing parasites compete with the host for amino acids, which in turn acts as a constraint on pigment production (Oetinger and Nickol, 1982a). If this is the case, then the body color of infected isopods may be an indirect effect of pathology that is associated with nutrient acquisition and the effect of the color change on predation would likely be secondary (i.e., it is an exaptation, Gould and Vrba, 1982; Thomas et al., 2012). A similar pattern of pigment dystrophy has been described in Brazilian populations of the terrestrial isopod Atlantoscia floridana infected with the acanthocephalan (Centrorhynchus sp., Amato et al., 2003).

Parasite-related changes in body size, refuge use and activity exhibited sex-specific effects in which infected females were larger and less active than uninfected females and infected males spent less time in refuge than uninfected males. If these changes are due to parasite infection, then these differences likely indicate that A. dirus parasites adopt different strategies of exploitation in male and female hosts. One obvious difference between male and female C. intermedius that could potentially influence exploitation is that there is significant size dimorphism between the sexes. Males are substantially larger than females. As a consequence, a parasite that establishes in a juvenile female could potentially have its later growth constrained by the small body size of the female during the adult stage. This type of effect could be costly because body size influences establishment success, mate choice, male-male competition and female fecundity in acanthocephalans (Lawlor et al., 1990; Poulin and Morand, 2000; Dezfuli et al., 2002; Steinauer and Nickol, 2003). Thus, parasites that establish in females may be under stronger selection than those that establish in males to exploit the hosts in ways that favor their own growth and development (e.g., Baudoin, 1975). One outcome of this type of effect could be that the parasites modify growth of females, but not males, so that the body size of the female is increased during the adult stage to provide more space for the parasite (Baudoin, 1975). Consistent with this hypothesis, infected female C. intermedius were larger than uninfected females whereas there was no difference in body size between infected and uninfected males. In addition, there was no difference in body size of the A. dirus parasites recovered from female hosts and male hosts. Thus, a sex-specific strategy of exploitation that allows for optimal parasite growth may explain the difference in body size between the sexes (see Table 1 for other examples).

In addition to effects of A. dirus infection on host growth described above, other traits may be influenced by this type of sex-specific strategy of exploitation if they also facilitate parasite growth. For example, acanthocephalans often induce pathological and irreversible effects on female reproduction but have negligible effects on male reproduction (e.g., Dezfuli et al., 2008). One explanation for this type of sex-specific effect on females is that the energy that would have been allocated to reproduction can be reallocated for both host and parasite growth (Baudoin, 1975). Consistent with this hypothesis, infected female C. intermedius were less active than uninfected females but there was no difference in activity between infected and uninfected males. This decrease in activity could also favor parasites that infect females by increasing parasite and host growth. In contrast, a decrease in activity seems unlikely to favor transmission since decreased activity levels are typically expected to decrease predation risk (Camp and Huizinga, 1979; Holomuzki and Short, 1988; Huang and Sih, 1990; Dezfuli et al., 2003). Thus, the decrease in activity in infected females is more consistent with a pathological effect of infection than it is with adaptive manipulation. A third possibility is that a decrease in activity is a host counteradaptation (e.g., Minchella, 1985; Poulin et al., 1994). This explanation seems unlikely in this system since there is no evidence that adult isopods can mount an immune defense against cystacanths at this stage (9–11 months post-infection), adult females are close to the ends of their lives and effects on female reproduction appear to be irreversible. Thus, there are no obvious fitness payoff to females for suppressing their own activity.

Sex-specific effects of infection were also identified for refuge use. For males, infected individuals spent less time in refuge than uninfected males whereas there was no difference in refuge use between infected and uninfected females. Refuge use, like body color, is expected to influence conspicuousness of isopods by affecting the amount of time individuals are exposed to predators (Holomuzki and Short, 1988; Huang and Sih, 1990). Previous research has shown that infected C. intermedius that leave refuge do not do so to feed (Hechtel et al., 1993) and that infected male C. intermedius are in good physiological condition relative to uninfected males (Korkofigas et al., 2016). Thus, changes in refuge use do not appear to be due to a simple pathological effect on energy reserves. In addition, the modification of host microhabitat use, which includes refuge use, appears to be widespread in acanthocephalans (Poulin, 1994b). Collectively, these results likely indicate that the modification of refuge use in males is due to parasitic manipulation.

In sum, the pattern of trait modification in C. intermedius is multidimensional and sex-specific. Infected males undergo changes in body color and refuge use whereas infected females undergo changes in body color, body size, and activity. Modification of body color, body size and activity appear to be associated either directly or indirectly with pathological effects of infection. In contrast, modification of refuge use is more likely to be explained by parasitic manipulation. The modification of body color in males and females, body size in females, and refuge use in males have the potential to influence transmission by increasing the conspicuousness of infected individuals to predatory definitive hosts.

Multidimensionality and Trait Correlations

Phenotypic correlations among trait-pairs can provide insights into multidimensional modification because they can be used to determine if the proximate mechanisms underlying modification are shared among traits (Cézilly and Perrot-Minnot, 2005). In acanthocephalans, there is growing evidence that multiple neurological systems are involved in the modification of multiple host traits and that the serotonergic and dopaminergic systems may be the favored systems (Adamo, 2012; Lafferty and Shaw, 2013; Perrot-Minnot and Cézilly, 2013). There is also evidence that individual systems can modulate multiple traits indicating that some proximate mechanisms have shared effects (Perrot-Minnot et al., 2014). Previous research on the C. intermedius–A. dirus relationship has shown that both serotonin and dopamine levels differ between infected and uninfected C. intermedius indicating the potential for both the serotonergic and dopaminergic systems to play a role in multidimensional modification (Kopp et al., 2016). However, results of the analysis of trait correlations revealed that none of the modified traits were correlated with each other in infected individuals. In addition, any traits that were correlated at the field site (e.g., activity and body color of uninfected females) were not correlated in the laboratory. Thus, it appears that modification of the traits examined here occurred through independent proximate mechanisms.

Poulin (2010) proposed that the correlations among traits may by the true targets of manipulation in cases where the parasites benefit by either disrupting existing correlations or creating new correlations between traits (see also Barber and Dingemanse, 2010; Coats et al., 2010; Hammond-Tooke et al., 2012; Poulin, 2013). Population-level correlations among different traits or the same trait in different contexts have been described as behavioral syndromes (Sih et al., 2004; Poulin, 2013) and there is evidence that parasites can influence these syndromes in some cases (Coats et al., 2010; Hammond-Tooke et al., 2012; Seaman and Briffa, 2015). If parasites disrupt trait correlations in the C. intermedius–A. dirus relationship, then the only candidate is the correlation that occurred between color and activity in uninfected females. Uninfected females that were more darkly-colored were also more active but this relationship was not present in infected females. Since both of these traits are modified, it seems plausible to suggest that the correlation may have been targeted by parasites. However, it should also be noted that this correlation was not present in the laboratory for uninfected females. If parasites create new correlations, then the relationships between body size and each of the other traits examined may have been targeted since they were correlated in infected males but not in uninfected males. Again though, these relationships were not present in the laboratory (excluding body size-body color, which was only measured in one situation) and body size and refuge use were not modified traits in males. Given the discussion above concerning the independent nature of proximate mechanisms underlying modification, it may be the case that trait correlations are not targeted in this host-parasite relationship.

Multidimensionality, Plasticity and Consistency

Most studies that examine host modification in acanthocephalans do so in laboratory-based settings but little is known about the levels of plasticity and consistency that occur between different situations. The results obtained concerning the analysis of behavior modification (male refuge use, female activity) between situations (field site immediately after collection, laboratory 24 h later) revealed that the patterns of plasticity and consistency differed between males and females and between infected and uninfected C. intermedius. Refuge use in males exhibited plasticity in both uninfected and infected individuals with lower values of refuge use being expressed in the laboratory than at the field site. In contrast, activity exhibited plasticity in uninfected females between situations but not in infected females. Measures of individual consistency revealed that consistency was present for the modified traits in infected individuals but not in uninfected individuals. Thus, infection appeared to be associated with an increase in consistency of the modified behaviors. Traits that show consistency can be considered components of animal personalities (e.g., Réale et al., 2007, 2010; Barber and Dingemanse, 2010; Poulin, 2013) and there is evidence that crustaceans, and other invertebrates, can have distinct personalities (Briffa et al., 2008; Mowles et al., 2012; Seaman and Briffa, 2015). The results obtained here indicate that A. dirus infection may be shaping personalities in C. intermedius by increasing consistency of the modified traits. Consistent with these findings, parasite-related changes in consistency have also been identified in other systems (e.g., Hammond-Tooke et al., 2012).

Parasite Characteristics and Multidimensionality

Competitive interactions between parasites that share a host have the potential to influence trait modification if they affect the strategy of manipulation adopted by the parasites. A change in the strategy of manipulation may be expected if host manipulation is energetically costly and if the competitive interactions influence the amount of resources each parasite has available to allocate to manipulation (Dianne et al., 2012; Caddigan et al., 2014, 2017). Previous research on the population studied here has shown that mating behavior is suppressed in infected male C. intermedius relative to uninfected males and that this suppression is less likely to occur at higher parasite intensities, i.e., when intraspecific competition is more intense (Caddigan et al., 2014). In this relationship, intraspecific competition does not appear to influence parasite size (Caddigan et al., 2017; Table 5 this study) but does influence parasite energy content (Caddigan et al., 2017). Specifically, glycogen levels per parasite decrease by ~80% and lipid levels per parasite decrease by ~20% at higher parasite intensities relative to single infections. Given the magnitude of these energy-based costs, it seems likely that if manipulation was energetically costly then modification of host traits should be less likely to occur at higher parasite intensities. Contrary to this prediction, we found that parasite intensity was not associated with host modification for any of the traits examined. Thus, intraspecific competition did not appear to act as a constraint on host modification. This result is consistent with the interpretation that trait modification may carry either negligible or no physiological costs in many cases (Poulin et al., 2005; Thomas et al., 2005). Similar patterns between parasite intensity and multidimensionality have also been described in the European isopod A. aquaticus infected by the acanthocephalan A. lucii (Benesh et al., 2008). However, it should be noted that that mean intensity was lower in the current study (1.4) than in the previous studies (2.5) in which an intensity-related effect was identified (Caddigan et al., 2014, 2017). Thus, it is possible that intensity-related effects are present but occur at higher intensities than were examined here.

Benesh et al. (2008) provided the only other analysis of multidimensionality in an isopod-acanthocephalan system. In their study, five traits were examined (activity, hiding behavior, substrate preference, body color, abdomen color) in male and female A. aquaticus that were infected with the acanthocephalan A. lucii. There is some overlap between the results obtained in this study and the results obtained here. For example, hiding behavior and abdominal coloration differed between uninfected and infected individuals and variation in these modified traits occurred independently indicating that the mechanisms underlying modification appeared to differ between the modified traits. This study also found that the intensity of infection was not associated with trait expression, that hiding behavior had low levels of repeatability and that activity levels had higher repeatability levels for infected individuals than uninfected individuals. However, several results differed between the two systems. Specifically, we found that the pattern of multidimensional modification was sex-specific in the C. intermedius–A. dirus relationship whereas the pattern of multidimensional modification did not differ between the sexes in the A. aquaticus–A. lucii relationship. In addition, activity was a modified trait in the current study for females but activity was not a modified trait in A. aquaticus. Finally, the type of color change that occurred in A. aquaticus resulted in a darkening of abdominal coloration only. In C. intermedius, body coloration changed to a lighter color and occurred over the entire body in infected individuals. In nature, both types of color change are expected to increase conspicuousness to definitive hosts by decreasing crypsis.

Natural Infections

A potential concern with the study presented here is that that none of the hosts examined were infected experimentally. Thus, it is possible that differences in trait expression identified between uninfected and infected isopods were due to pre-existing differences between the groups. It is also possible that these effects may have caused the differences in infection status identified if they increased the risk of infection occurring (see Barber and Dingemanse, 2010 for discussion). Contrary to this explanation, differences in body color and behavior have been shown to be associated with A. dirus development in C. intermedius (Sparkes et al., 2004, 2006) and experimental infections of C. intermedius with A. dirus parasites have shown that changes in body color are induced that are similar to those that occur in nature (Oetinger and Nickol, 1982b) Further, host modification appears to be an ancestral trait in acanthocephalans (Moore, 1984; Thomas et al., 2012) and experimental infections of other isopods and amphipods have demonstrated that the modification of body color, body size, and behavior is infection-dependent (e.g., Benesh and Valtonen, 2007b; Hasu et al., 2007; Franceschi et al., 2008, 2010; Benesh et al., 2009a; Dianne et al., 2011). Finally, given the high levels of behavioral plasticity that occurred between the two situations examined in C. intermedius (Table 4), behavioral measures obtained in the laboratory, which would be obtained several months after experimental infection, may not represent those that would be expressed in nature. Thus, the approach presented here, in which measures of behavior were recorded both at the field site as well as the laboratory, may be preferred in this case.
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