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Abstract

Life-history theory predicts that energetically costly activities, such as growth, reproduction, or predator defenses should trade off against immunity. However, the effects of predator induced phenotypes immune system are relatively unexplored. I experimentally tested the effect of natural predators on the immune system of wood frog tadpoles (Rana sylvatica) by exposing half of the tadpoles to caged dragonfly larvae predators, and half to empty cages. I then administered a standard immunoassay, the phytohemagglutinin (PHA) assay to a randomly selected group of animals from each treatment.  These results reveal that exposure to predators reduces the response to PHA in larval R. sylvatica.  Furthermore, predator-exposed larvae lack the typical decline in immunocompetence during metamorphosis that is found in normal amphibian larvae and have a weaker response to PHA throughout their development. Thus, predators have an effect on both immunocompetence and developmental patterns of immunity.  Generally, predator exposure may facilitate parasitic infection in amphibians by reducing immune function, and thereby render amphibian populations vulnerable to co-exploitation by both predators and parasites.
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1.  Introduction
Immune function is influenced by energetic tradeoffs with other life history processes (Lochmiller & Deerenberg 2000).  Experiments in birds, lizards and insects indicate that allocation of energy towards growth and reproduction reduces investment in the immune system 
 ADDIN EN.CITE 
(Bonneaud et al. 2003; Brommer 2004; Uller et al. 2006)
. For example, blackbirds (Turdus merula) significantly decreased their investment in ornamentation when  given an  immune challenge. Similarly, juvenile bearded dragons that were injected with e-coli toxin and lipopolysachrides, two antigens that mimic infection, grew more slowly and were a smaller at first reproduction (3).
Although trade-offs between predator induced defenses and growth or reproduction are well studied, we know little about how the energetic costs of predator induced phenotypes interact with the immune system. Inducible defenses allow organisms to cope with unpredictable or variable predation regimes by investing in defenses only when they maximize fitness (Clark & Harvell 1992; Harvell 1990). Energetic tradeoffs involving predation defenses are well studied in other contexts, such as reproduction and growth.  For example copepods (Daphnia pulex) that were exposed to predatory fish developed protective spines, but delayed their first reproduction to a later instar (Walls & Ketola 1989). There is also some evidence for tradeoffs involving predator-induced defenses and immunity. To date, two studies in invertebrates have demonstrated an effect of predation risk on immunocompetence.  Stoks et al. (2006) found that damselfly larvae exposed to predators developed defensive spines, but had lower levels of phenoloxidase, a key component of the insect immune system. Rigby and Jokka (2000) found that snails exposed to simulated predation had reduced immune cell density and activity. However, immune system–predation defense trade offs remain relatively unexplored in vertebrates. 

Amphibians have been a productive model for examining predator-induced phenotypes and their associated tradeoffs.  A variety of amphibian species have inducible defenses to predators 
 ADDIN EN.CITE 
(Lardner 2000; Relyea & Werner 1999; Relyea 2001)
. The combined chemical cues of predators and the alarm chemicals produced by injured prey induce both morphological and behavioral defenses in tadpoles. Predator-induced morphological defenses include increased tail depth, increased tail musculature, and aposematic coloration (Relyea 2001). Tadpoles also have behavioral responses to predators, reducing foraging when exposed to predation cues. However, these defenses are not without costs: larvae from environments with high predation risk metamorphose later, are smaller at metamorphosis, and have higher mortality during development (Relyea 2001; Steiner 2007). 

 Here I explored the relationship between predator exposure and immune function.  To test the hypothesis that predator-exposed animals have reduced immune response, I used a well established experimental system, wood frog tadpoles (Rana sylvatica) and their predators, dragonfly larvae (genus: Aeshnidae).  The response of R. sylvatica to odonate larvae predators has been documented in numerous studies, making it an ideal system to investigate the costs of predator-induced phenotypes 
 ADDIN EN.CITE 
(Relyea & Werner 1999; Relyea 2003a; Relyea 2004)
 .   We administered the phytohemagglutinin (PHA) assay to both control and predator-exposed animals and compared their responses to understand the effect of predator presence on the immune system.
2.  Materials and Methods
2.1 Husbandry:

 Egg masses were collected on the E.S. George Reserve, Livingston County, Michigan, USA. Egg masses were temporarily placed in 5.4 liter plastic boxes (11.5cm x 22.5 cm x 34cm) and eggs were covered with approximately 5 cm of water to mimic natural ovaposition depth. Egg masses were kept indoors at 50° F until hatching. To house tadpoles prior to the experiment, nursery mesocosms were prepared according to a standard protocol by filling three 60” wading pools with aged well water (Relyea 2001).  To mimic the normal habitat of the animals, a 10 gallon aliquot of pond water was added to establish a natural algae community. Next, approximately 30 zooplankton individuals of various species were added. To permit the algae and zooplankton cultures to become established, nursery mesocosms were allowed to age for 7 days before tadpoles were added. Tadpoles were supplemented with approximately 5 g of rabbit pellets three times per week.
After 10 days in the nursery mesocosms, tadpoles were moved to the experimental mesocosms, which consisted of 200 gallon cattle watering tanks.  A one gallon plastic bag of oak leaves was added to each tank to provide refugia for the larvae, and aliquots of pond water and zooplankton were added as above.  A total of 190 tadpoles were selected at random from each of the nursery mesocosms; 40 animals of mixed nursery tank origin were placed in each of the 14 experimental tanks.
2.2 Predation Treatment

Odonate larvae were collected from several nearby ponds on the E.S. George Reserve.   Predation was simulated by putting three caged odonate larvae (genus: Anax) in each of the treatment tanks.  Odonate larvae cages were briefly removed from the water 3 times per week, and each odonate was fed approximately 0.2g of tadpole. Control tanks were outfitted with empty cages, and cages were removed from the water during feeding to equalize disturbance between treatments (Relyea 1999, 2001). 

2.3 Immune Challenge

Immune investment in the tadpoles was measured by administering a standard immune challenge, an injection of phytohemagglutanin (Sigma Aldrich, St. Louis, M.O.).  Phytohemagglutanin, or PHA, causes T-lymphocytes to proliferate rapidly (Smits et al. 1999). When used as an in-vivo assay it causes a measurable swelling at the injection site. Greater swelling indicates a stronger T-lymphocyte response, and thus greater immune investment. The PHA assay is a commonly-used field method for measuring immune response in birds, fish, and reptiles
 ADDIN EN.CITE 
(Ardia & Clotfelter 2006; Calsbeek et al. 2008; Ekkel et al. 1995; Fernandez-De-Mera et al. 2006; Smits et al. 1999)
. Its usefulness has also been recently demonstrated in amphibians (Gervasi & Foufopoulos 2008). 
After six weeks in the experimental mesocosms, 13 larvae per mesocosm were selected at random and removed.  Animals were removed from tanks less than five minutes prior to administration of the assay so as to minimize confinement stress. To facilitate handling, animals were anesthetized using 0.3mg/ml MS-222  The immunoassay was prepared by dissolving 2 mg of PHA in 1 ml of Phosphate Buffered Saline solution.   Prior to injection, tadpoles were weighed (g), and tail thickness (mm) was measured using a digital spessimeter (Mitutoyo, Precision Graphic Instruments, Seattle).  The spessimeter was accurate to 0.01 mm, and was outfitted with non-slip pads to minimize handling stress and improve repeatability; it was tared between each measurement.  Each individual was then injected with 15 µl of the PHA-saline solution at the body/tail juncture using a 31 gauge insulin needle (Benson-Dickerson). Tail thickness measurements were taken at 24 hours and 48 hours post injection.  During the three measurements, three consecutive thickness readings were taken, and then averaged to minimize error. 
During the experiment, animals were housed in the laboratory in a temperature controlled room, with light dark cycles set to mimic natural day length.  Tadpoles were housed individually in 36 ounce plastic containers filled with aged well water and approximately 10 zooplankton individuals of various species to mimic natal pond conditions. Strips of window screening were provided as refugia, and each tadpole was fed approximately 0.05 g of rabbit pellets. After the 48 hour measurement, animals were euthanized in a 1g/L solution of MS-222 and preserved in 70% ethanol. A sub-sample of the preserved animals was randomly selected from each tank and scored for developmental stage using the Gosner staging index, a standard tool for assessing developmental condition in amphibians (Gosner 1960).  The Gosner developmental stage (hereafter referred to as Gosner stage) was recorded and averaged for each tank. 

2.4 Statistical Analysis
SPSS (Version 15) was used for all statistical analyses. For the analyses at 24 hours we used data on all animals surviving to 24 hours including those that died before the next measurement. For the analyses of immunocompetence at 48 hours, I used all animals that survived through the full experiment. I ran analysis of variance models (ANOVA) to determine the explanatory power of variables and their possible interactions. 


3.  Results

1.1 Treatment and Response to the PHA assay 
The ANOVA models on the PHA response data for both the 24 and 48 hour measurements, which included body mass and Gosner stage as predictors, showed complex results.  At 24 hours the full model was significant (ANOVA: F4, 88=2.840, P=0.029).  Predator treatment was not statistically significant at the 0.05 level (F1, 88=3.565, p=0.063), nor was interaction between predator treatment and Gosner stage (F1, 88=3.374, p=0.070) (Fig. 1a).  However, the lack of significance may be attributable to insufficient power.


 At 48 hours the full model was significant (ANOVA: F4, 78=3.713, p=0.008); predator treatment (F1, 78=5.605, p=0.021) and the interaction between predator treatment and Gosner stage were also significant (F1, 78=5.304, p=0.029).  The pattern was the same at both 24 and 48 hours; control animals had greater swelling response to the PHA assay than did predator treatment animals (Fig. 1c). 
3.2 Within treatment group patterns of development and immunity


The parameter estimate function was used to determine within group correlations between Gosner stage and immune response. A t-test was used to determine that control animals and predator treatment animals were at significantly different developmental stages (T-test: t=-8.038, df=76, p=0.001). To examine further the interactions among Gosner stage, immune response, and treatment, we estimated the correlation for each group between Gosner stage and immune response at both 24 and 48 hours.  At 24 hours, the predator group showed no significant relationship between Gosner stage and response to PHA (β=0.027, SE=0.041, t=0.672, p=0.504). However, the control group had a negative relationship between Gosner stage and PHA swelling response that was not statistically significant (β=-0.115, SE=0.68, t=-1.700, p=0.093; Fig 1b). These patterns were more pronounced at 48 hours. The predator group showed no significant relationship between Gosner stage and PHA response (β=0.024, SE=0.033, t=0.735, p=0.471). In the control group, there was a significant negative relationship between Gosner stage and PHA response (β=-0.124, SE=0.56, t=-2.912, p=0.032, Fig. 1d).  At both 24 and 48 hours, predator-exposed animals had a weak, non-significant positive relationship between Gosner stage and PHA swelling response. However, control animals had a negative relationship between Gosner stage and PHA response, which was significant at 48 hours, indicating that developmental patterns differ between the two groups.        
4.  Discussion 

I found that predator-exposed animals have a significantly lower response to the PHA immunoassay than their control counterparts. Further, immunocompetence and development of treatment groups differed significantly. Control animals responses were consistent with typical immune system development, while predator-exposed tadpoles showed atypical patterns of immune system maturation with lower responses at all developmental stages.  Predator-exposed animals differed substantially from both the expected developmental patterns and from the observed pattern in the control animals. 

 Previous research on larval amphibians has demonstrated that the stress hormone corticosterone (CORT) plays an important role in metamorphosis and that this influences developmental patterns of immune function (Rollins-Smith 1998). While the stress response is complex and varies among taxa, CORT has a well-documented effect on immunocompetence in many species 
 ADDIN EN.CITE 
(Cohen et al. 1997; Khansari et al. 1990; Nelson & Demas 1996)
 .  Chronically elevated CORT levels have been shown to suppress immune function in mammals, reptiles and birds 
 ADDIN EN.CITE 
(Cohen et al. 1997; Nelson & Demas 1996; Oppliger et al. 1998; Sapolsky 2005)
.  Although the effects of chronic stress on the amphibian immune system have not been well studied, tadpoles have been shown to have strong CORT-driven patterns of immune system development.  As tadpoles approach metamorphosis, their CORT levels increase, and their immune function simultaneously decreases.  Generally, younger tadpoles are more immunocompetent than older tadpoles, with immune function reaching its lowest point at metamorphosis 
 ADDIN EN.CITE 
(Rollins-Smith 1998; Rollins-Smith 2001)
.  After metamorphosis the immune system is reorganized and new immune cells are generated during the first months of the juvenile period. While potentially costly, reduced immunocompetence may be adaptive for metamorphosing amphibians.  Immunosupression may prevent the larval immune system from attacking newly formed adult tissue (Rollins-Smith 1998). 

Although there was a significant effect of developmental stage in the ANOVA model, our results differ from typical pattern of amphibian immune system development.  For control tadpoles, the relationship between Gosner stage and immune response was negative.  Control group animals experienced a normal decline in immune function as they approached metamorphosis.  However, predator exposed animals did not follow the expected pattern.  The predator exposed tadpoles showed no significant relationship between Gosner stage and immune function; their immune responses remained low regardless of developmental stage.  The differing pattern of the two groups indicates that the ontogeny of the immune system varies under different predation regimes, and that predator-exposed animals mount consistently lower immune responses throughout development.  
 
There are several mechanisms by which exposure to predators could reduce tadpole immune function. First, the behavioral and morphological changes induced by predators are energetically costly. Predator-exposed R. sylvatica larvae develop more slowly and metamorphose at a smaller size than those in predator free environments (Relyea & Werner 1999). Larvae exposed to predators may be investing energy in defenses, allocating energy away from the immune system.  Alternatively, exposure to predator cues may induce a stress response in tadpoles, elevating CORT.  Predator cues have been shown to elevate glucocorticoids in birds, fish and mammals 
 ADDIN EN.CITE 
(Barcellos et al. 2007; Boinski et al. 1999; Cyr & Romero 2007)
. Because our animals were continuously exposed to a predator cue, it is possible that their CORT levels were elevated throughout development, resulting in long term reduction in immunocompetence 
 ADDIN EN.CITE 
(Dhabhar et al. 1996; Khansari et al. 1990)
. 

With this experimental design, it is not possible to separate the effects of predator induced defenses from the effects of CORT. The two mechanisms are not mutually exclusive; both energetic tradeoffs and elevated CORT levels could contribute to reduced immunocompetence. CORT is likely involved in the induction of the energetically costly defense mechanisms, but it may be simultaneously suppressing the immune system, effectively acting on immune function through two pathways.  However, it is difficult to partition the effects of the stress response from the costs of predator defenses, because CORT mediates both.  
Although the mechanism by which predators suppress immune function is not yet clear, the non-lethal effects of predators may have an important impact on prey, and there may be a synergistic effect of predators and parasites on host-prey populations.  It is well known that parasites may have an effect on predation (Dobson 1988; Giles 1983).   Parasites can influence predation rates by making prey insensitive to predation risk or more easily detected by predators.  This is particularly common when parasites require consumption of the host to complete their life cycle, although this is also true of host-parasite systems in which the parasite dies with the host, and predation of the host offers no fitness value to the parasite 
 ADDIN EN.CITE 
(Hudson et al. 1992; Lefcort & Blaustein 1995; Murray et al. 1997)
.  

 This study suggests that the converse may also be true; predation risk may facilitate infection by parasites.  Predators may primarily regulate populations through consumption of prey, but have secondary effects on prey populations mediated by changes in prey physiology.   Reduced immune function may allow the co-exploitation of prey populations by both predators and parasites (Raffel et al. 2008).   If predators do facilitate parasitic infection in natural populations one would expect that prey populations with high predation risk would experience higher parasitemias and greater mortality due to parasitic infections.  There is some evidence that this may occur; Relyea et.al. found that some measures of predator induced morphology correlated with reduced survivorship, although there was not a consistent pattern (2002).  In another study, wood frog tadpoles raised with predators had higher mortality than control animals (Relyea 2003b). However, more explicit tests of this hypothesis are needed to determine if co-exploitation occurs in natural populations.  
5.  Conclusions
Although the mechanism of immunosupression cannot be determined by this experiment, predator exposed animals had reduced immune function compared to controls, and exhibited different patterns of immune system development.  The negative effects of predators on the immune system may be a trade-off for prey, as predator induced defenses reduce mortality from predator attack but may also increase mortality through parasitic infection.  This interaction between predator presence and immune function may result in the joint exploitation of host-prey populations by both predators and parasites (Raffel et al. 2008).  A better understanding predator effects on the immune system is also important for conservation because disease is a major threat to many wild amphibian populations (Daszak et al. 2003). Introduced pathogens such as the chytrid fungus (Batrachochytrium dendrobatidis) have been implicated in amphibian declines and extinctions 
 ADDIN EN.CITE 
(La Marca et al. 2005; McCallum 2007)
. Urbanization of watersheds and eutrophication of aquatic habitats have contributed to increased prevalence of natural parasites, such as helminthes which are a major cause of limb deformities in amphibians (Johnson et al. 2007). By understanding how predators contribute to natural variability in immunocompetence, conservation biologists can better predict which amphibian populations will be vulnerable to infectious disease (Rollins-Smith 2001).  
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Figure Captions
Figure 1:  Immune Response and Developmental Stage at 24 and 48 Hours.

a, c,  Predator exposed tadpoles had lower swelling response to the PHA assay at 24 and 48 hours.  The difference is significant at the 0.05 level at 48 hours. b, d, Predator exposed tadpoles showed no significant relationship between developmental stage and response to the PHA assay at either 24 or 48 hours.  Control tadpoles exhibited a strong negative relationship between developmental stage and response to PHA, typical of amphibian development.  The slope of the control group was statistically significant at 48 hours at the 0.05 level.  
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