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Amphibians exhibit diverse responses to environmental challenges, but their responses to infection risk remain poorly understood. This study investigates how the presence of ranavirus, a deadly viral pathogen, affects growth, development, and resource allocation in wood frog (Rana sylvatica [Lithobates sylvaticus]) tadpoles. Using three years of pond survey data from a wood frog metapopulation in northeastern Connecticut, USA, we compared tadpole physiological rates across three scenarios: ranavirus-free ponds, ponds with sustained ranavirus infection, and ponds experiencing ranavirus die-offs. In ranavirus-positive ponds, tadpoles exhibited increased growth and resource allocation early in their development. These differences waned following die-off events in some ponds but persisted where widescale infection did not lead to die-off. This study provides evidence that an important disease agent appears to induce growth and developmental responses in its host that may help tadpoles survive severe infection by providing a buffer against the associated energetic demands. Alternative hypotheses, such as size-biased mortality, should be evaluated in experiments aimed at evaluating underlying mechanisms.
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1 Introduction

Animals display diverse responses to perceived risks and environmental challenges, ranging from simple behavioral shifts to more complex physiological and morphological adjustments (Bourdeau and Johansson, 2012; Weinstein et al., 2018; Gaynor et al., 2019). These responses are often adaptive, reducing net fitness consequences in the face of costly challenges and environmental heterogeneity while also incurring costs and tradeoffs of their own (Werner et al., 1983; Skelly, 1992; DeWitt et al., 1998; Auld et al., 2010). Infection is one of the most pervasive ecological risks – an estimated 50% of species are parasitic, and virtually all animals are infected by at least one parasite species (Dobson et al., 2008; Poulin, 2014). In response to pressure from parasites, organisms have evolved anti-parasite strategies that mitigate the often severe fitness costs of infection. While much work on anti-parasite strategies has focused on the costs and efficacy of immune responses following infection, it is becoming increasingly clear that, like anti-predator responses, the risk of infection can invoke a diversity of responses that allow hosts to avoid, prepare for, and respond to infection (Koprivnikar et al., 2006; Daly and Johnson, 2011; Rakus et al., 2017). Revealing the diversity of anti-parasite strategies and the ecological ramifications of these strategies is critical for a comprehensive understanding of the impacts of parasites and pathogens on hosts in an era of accelerated disease emergence and spread (Jones et al., 2008).

Host responses to infection risk can be broadly categorized into avoidance mechanisms and preparatory responses. While avoidance behaviors, such as evading contaminated areas or infected conspecifics, can be effective (Ezenwa, 2004; Koprivnikar et al., 2006; Behringer et al., 2018), avoidance behaviors may be difficult or relatively ineffective in many situations (e.g., high parasite pressure or immobile host). However, in response to cues released from parasites in the environment or from infected conspecifics, hosts may also induce behavioral, immunological, and physiological responses that help them prepare for or avoid infection. For example, exposure to infection cues can cause snails to initiate terminal investment before infection occurs, and other organisms may respond to infection cues by increasing foraging rates and/or shifting diets to boost energy reserves, accelerating development to escape a risky environment, or upregulating immune genes (Thornhill et al., 1986; Warne et al., 2011; Altizer et al., 2018; Mondet et al., 2021). Responses induced by visual and chemical cues from certain threat classes, such as predators, are well documented; for most disease agents, however, and particularly microparasites (i.e., viruses, bacteria, fungi), we know little about preparatory host responses to infection cues.

Amphibian larvae have long been a model for understanding organismal plasticity and compensatory responses to environmental challenges. Growth and development, in particular, are highly plastic and responsive to environmental conditions, often requiring tradeoffs between increasing size at metamorphosis and mitigating exposure to risks (Wilbur and Collins, 1973; Werner, 1986; Skelly and Werner, 1990; Van Buskirk and Relyea, 1998). In response to environmental challenges such as predation, competition, and desiccation, larvae may shift growth and development rates, among other responses, to enhance their survival probability. However, risk of infection has largely been ignored when considering the plasticity of growth and development of larval amphibians (Figure 1). This is despite the fact that larval amphibians host numerous parasites and pathogens, including ranaviruses, that can cause severe pathology and population declines (Bienentreu and Lesbarrères, 2020).




Figure 1 | Larval amphibian responses induced by four major threats: competition, desiccation, predation, and infection. The patterns shown represent simplified responses for four key traits, though the strength and direction of these responses are often context-dependent. Responses are generalized as increased (plus symbol), decreased (minus symbol), or unaffected (zero symbol) by the threat. This figure is not intended as an exhaustive review of tadpole responses to these threats but rather emphasizes the significant gap in our understanding of how larval amphibians respond to the risk of infection. Predator response patterns are reviewed by (Wellborn et al., 1996) and (Relyea, 2007). Competition response patterns are synthesized from (Barnett and Richardson, 2002; Relyea, 2002, 2004). Desiccation response patterns are synthesized from (Laurila and Kujasalo, 1999; Lane and Mahony, 2002). Pond artwork generated with the assistance of Adobe Firefly (Adobe, San Jose, CA USA).



Ranaviruses are common pathogens in North American amphibian communities and have been implicated in an estimated 40-60% of amphibian mass mortalities in the United States (Gray et al., 2009). Ranavirus epizootics can dramatically reduce tadpole populations, often leading to nearly 100% cohort mortality within 1-2 weeks (Wheelwright et al., 2014; Hall et al., 2018). However, despite the high susceptibility of many North American amphibians to ranaviruses in experimental settings, many populations persist in the presence of infection (Hoverman et al., 2012; O’Connor et al., 2016; Youker-Smith et al., 2018). We are only beginning to uncover mechanisms by which susceptible amphibian populations avoid, respond to, and persist in the presence of ranavirus infection, but there is growing evidence that amphibians and other taxa may detect and respond to infection in conspecifics and the surrounding environment (Sauer et al., 2019; Le Sage et al., 2022; Côté and Binning, 2025; Herczeg et al., 2024).

Experimental studies show evidence, to varying degrees, of growth and developmental responses associated with sublethal ranavirus infection, including reduced growth, weight decrease, and accelerated development (Echaubard et al., 2010; Warne et al., 2011; Wright et al., 2023). It is unclear, however, whether these sublethal responses to infection play out in a broad, repeatable manner in a field setting. It is also unclear if the presence of ranavirus-infected conspecifics results in observable differences in growth and development in individuals across populations. Life-history theory predicts there should be growth and developmental responses associated with an increased risk of mortality, and cues of infection in conspecifics could induce preparatory responses such as accelerated development (e.g., to escape a risky environment; Warne et al., 2011) or altered resource allocation to better tolerate severe infection. This could also occur through several other mechanisms, including reduced densities from virus-induced mortality, freeing resources and thus leading to greater growth and development rates or suppression of growth and development as a consequence of avoidance of infected conspecifics. Observational field studies are a powerful way to begin to identify what patterns of growth and development, if any, are associated with differing levels of ranavirus infection across larval amphibian populations, providing a foundation for ecologically relevant controlled experimental work necessary to clarify causative mechanisms (Werner, 1998).

In this study, we use three years of ranavirus survey data to begin to investigate how the presence of ranavirus is associated with growth, development, and resource allocation in wood frog (Rana sylvatica [Lithobates sylvaticus]) tadpoles. Wood frog larvae are highly susceptible to ranavirus, and ranavirus is common in wood frog breeding ponds (Hoverman et al., 2011; O’Connor et al., 2016), providing an excellent system to explore how larval amphibians respond to the presence of a deadly pathogen in their environment. We used snout-vent length measurements of wild-captured specimens collected at regular intervals to estimate rates of growth (size per unit time), development (developmental stages per unit time), and allocation (size change per developmental stage). We compare the body size and development of tadpoles collected from three distinct pond-wise ranavirus scenarios: 1) ponds free of ranavirus (“Uninfected”), 2) ponds with some ranavirus infection present (“Infected”), and 3) ponds with widespread ranavirus infection present that also experienced ranavirus die-off events (“Dieoff”). Our goal was to compare how ranavirus presence, as well as the severe infections that manifest across a population during a die-off, affect patterns of growth and development in wild tadpole populations. We predicted that early in epizootics (i.e., prior to die-offs), tadpoles in ponds with ranavirus present (i.e., Infected and Dieoff ponds) would accelerate development at the expense of reduced growth by shifting resource allocation in a response consistent with escaping a risky environment, resulting in smaller snout-vent lengths and higher Gosner stages prior to die-offs relative to tadpoles from Uninfected ponds. We also predicted that the onset of severe infections associated with ranavirus die-offs would reduce both the growth and developmental rates of survivors due to the costs of surviving an infection and the associated physiological damage, resulting in smaller snout-vent lengths and lower Gosner stages in Dieoff ponds after die-off events relative to Uninfected and Infected ponds. Because of the observational nature of these data, however, it is important to note that multiple causative pathways may lead to the same patterns.




2 Methods



2.1 Site description and surveillance

Yale-Myers Forest (hereafter YMF) is a 3213 ha mixed hardwood forest in Northeastern CT, USA (Figure 2A). We surveyed between 30 and 40 fishless, ephemeral ponds at YMF for ranavirus epizootics from 2021-2023. Each pond is a breeding site for wood frogs, explosive breeders that arrive at ponds soon after spring snowmelt and reproduce within a few days. Wood frog larvae comprise the bulk of vertebrate biomass in these ponds from April to July. Wood frog larvae are highly susceptible to ranavirus; experimental exposures often cause nearly 100% mortality, and reports of ranavirus-induced die-offs are common (Hoverman et al., 2011; Wheelwright et al., 2014; Hall et al., 2018; Miaud et al., 2019). Symptoms of infection include lethargy, edema, abnormal swimming, internal bleeding, and cessation of feeding (Gray et al., 2009) (Figures 2C, D).




Figure 2 | (A) Locations and yearly ranavirus infection statuses of the 24 ponds surveyed for ranavirus epizootics from April through July 2021 - 2023 at the Yale-Myers Forest (3213 ha; outlined, green-shaded area) in northeastern Connecticut, USA (inset map). Pie chart size indicates the number of years a pond was included in this study (Small = 1 yr; Medium = 2 yrs; Large = 3 yrs). Pie chart sections represent the number of years a pond was in each state (Uninfected, Infected, or Dieoff). (B) Dead and dying wood frog tadpoles floating near the surface of a pond during a ranavirus die-off event. Redness in (C) the legs and (D) the body cavity of dead tadpoles caused by hemorrhaging during a ranavirus die-off.



Ranavirus surveys spanned ~mid-April to mid-July each year, during which we sampled each pond at least once every two weeks. At each visit, we collected up to 20 live wood frog tadpoles via timed dip net surveys with durations based on estimated pond area (m2) and estimated tadpole density per unit effort (Werner et al., 2007). We humanely euthanized tadpoles in a 10% ethanol solution and then preserved them in 95% ethanol. We also recorded the presence of other tadpole predators. A HOBO temperature logger (Onset Computer Corporation, Bourne, MA USA) was affixed near the deepest point of each pond and suspended 10 cm below the surface to monitor water temperature at 1-hour intervals. We also visited each pond weekly to perform a visual encounter survey of carcasses to monitor for mortalities (Gray et al., 2015). In most instances, die-offs are conspicuous with abundant carcasses, but carcasses can disappear quickly, making frequent visits necessary to detect all die-offs (Figure 2B). Following Hall et al. (2018), we considered the detection of ≥ 5 amphibian carcasses to be the start of a die-off. We sanitized equipment with a 2% Nolvasan (Zoetis, Parsippany, NJ, USA) solution to prevent disease transmission between sites.




2.2 Sample processing



2.2.1 Larval measurements

We used measurements of the wild-captured wood frog larvae to estimate growth and development rates. We used individual measurements of unique individuals in a pond cohort rather than repeated measurements of the same tadpoles because ranavirus testing requires destructive sampling, and mark-recapture with wild tadpoles at this scale is impractical. Nonetheless, this method provides a reasonable proxy for individual growth and development - wood frogs are explosive, synchronous breeders, so most larvae in a cohort follow a very similar trajectory of growth and development. We note, however, that although we made efforts to minimize bias during sampling, there is the potential for biases in our sample, for example, if sick individuals were more or less easily captured than healthy individuals or if smaller or larger animals were more likely to be infected by and die from ranavirus infections. Each larva was assigned a developmental stage (Gosner, 1960) and measured (snout-vent length [SVL] and total length [TL]) using digital calipers to the nearest 0.01 mm (Mitutoyo, Aurora, IL, USA).




2.2.2 Ranavirus sample processing

For pond-years (i.e., samples from a single pond in a single year) with adequate samples, we assessed ranavirus infection in ≥ 10 larvae from each of ≥ three time points. This sample size gives a ~72% probability of detecting at least one infection at ≥ two time points for prevalence ≥ 10% and a ~97% probability for prevalence ≥ 20%. Testing ten individuals across three time points provides a reasonably high likelihood of detecting sustained infection in a given pond-year, as ranavirus infection prevalence tends to remain stable/increase over time in larval wood frog populations (Hall et al., 2018).

We dissected liver tissue from each tadpole using forceps sterilized in a 50% bleach solution and extracted DNA using Qiagen DNeasy Blood & Tissue Kits (Qiagen, Hilden, Germany). We also included extraction negative controls to detect any potential contamination from equipment.

To determine the viral load of samples, we used quantitative polymerase chain reaction (qPCR) primers and a fluorescent probe from Leung et al. (2017), which target a 97-bp region of the ranavirus major capsid protein. Each 20 uL reaction contained 2 μL template DNA, 2.0 μL forward primer (10 μM), 2.0 μL reverse primer (10 μM), 0.05 μL FAM-labeled fluorescent probe (100 μM), 10.0 μL SsoAdvanced™ Universal Probes Supermix (Bio-Rad Laboratories, Hercules, CA, USA) and 5.95 μL nanopure water. Each qPCR plate included a standard dilution series (2.79 × 106 - 2.79 × 101) using a 350 bp synthetic gBlock (IDT, Coralville, IA USA) gene fragment of the major capsid protein gene and a negative control. Each control, standard curve, and unknown sample was run in duplicate on a 96-well qPCR plate on a CFX Connect™ (Bio-Rad Laboratories) with cycling conditions consisting of 98°C for 3 min followed by 40 cycles of 98°C for 15 s and 60°C for 45 s, with a plate read at the end of each cycle.

Viral quantities for positive samples were averaged across the duplicate wells. All duplicate unknown samples that peaked before cycle 40 were considered positive. In cases where there were discrepancies between duplicates, a third reaction was run and if the third reaction amplified, the sample was considered positive. We calculated viral load as viral copies per ng DNA in the sample, measured using a NanoDrop 2000c (Thermo Fisher Scientific, Waltham, MA, USA).





2.3 Statistical analysis

All statistical analyses were performed in R version 4.3.2 (R Core Team, 2023).



2.3.1 Ranavirus status classification

We estimated the relationship between ranavirus status at the pond level and tadpole growth and development by categorizing each pond-year as no/low ranavirus (“Uninfected”), sustained ranavirus infection without a die-off (“Infected”), and sustained ranavirus infection with a die-off event (“Dieoff”). All tadpoles collected from pond-years with ranavirus detected in tissue at ≤ 1 sampling session were classified as Uninfected. All tadpoles collected from pond-years with ranavirus detected in tissue at ≥ 2 sampling sessions without a ranavirus die-off event were classified as Infected. All tadpoles collected from pond-years where a ranavirus die-off event occurred were classified as Dieoff. Within the Uninfected category, we filtered out samples from pond-years with low certainty of ranavirus status by excluding pond years where 1) ranavirus infection was assessed at < 3 time points or 2) < 20 total animals were tested for ranavirus infection. Within the Dieoff category, we excluded samples from pond-years where no tadpoles were collected after the die-off event (e.g., complete mortality event, pond drying, occurrence close to metamorphosis, etc.). Based on these criteria, 49 pond-years were excluded from the Uninfected category and seven pond-years were excluded from the Dieoff category. The majority of pond-years excluded from the Uninfected category had few or no tadpoles due to low/no breeding effort, egg predation, or early pond drying.

Tadpole development can be divided into four phases (Gosner, 1960): embryo (Gosner stages ~1-19), hatchling (Gosner stages ~20-24), larva (Gosner stages ~25-42), and metamorph (stages ~43-46). We restricted our analyses to observations from Gosner stages 25-42 (i.e., the larval phase), as we were focused specifically on how ranavirus affects larvae prior to metamorphosis. We also restricted our analyses to observations from day-of-year (DOY) 121-196 (1 May - 15 July), as most ponds did not have free-swimming larvae outside of this window. After filtering, we were left with 3077 samples from 35 pond-years in Uninfected, 534 samples from seven pond-years for Infected, and 688 samples from 5 pond-years for Dieoff (N = 4299; Table 1).


Table 1 | Sample summary for each of the three pond-level ranavirus status categories.






2.3.2 Analysis of physiological rates

The goal of our analyses was to determine whether pond-level ranavirus status influences tadpole growth, development, and allocation rates while accounting for other influential covariates. These analyses were guided by hypotheses regarding the mechanisms by which ranavirus presence may alter these physiological rates. Specifically, we hypothesized that ranavirus presence would accelerate development at the expense of growth, reflecting a trade-off driven by the risk of infection. Further, we hypothesized that the occurrence of the severe infection loads associated with die-offs would severely impact the physiological rates of tadpoles and reduce growth and development. To do this, we used generalized additive models (GAMs; mgcv package; Wood, 2011). We selected GAMs over generalized linear models (GLMs) because tadpole growth and development rates are typically non-linear (Wilbur and Collins, 1973), and GAMs allow for flexible modeling of these non-linear relationships through the use of smooth terms, which better capture the complexity of biological processes.

For the GAM used to assess the effects of pond-level ranavirus status on growth rates, our response variable was tadpole SVL. For the GAM used to assess the effects of pond-level ranavirus status on developmental rates, our response variable was Gosner developmental stage. In both models, our primary predictors were ranavirus status as a parametric effect and DOY as a smoother term. We also modeled the interaction between ranavirus status and DOY by stratifying the smoother for DOY based on ranavirus status, allowing us to assess how the effects of ranavirus status vary across time. The number of knots for DOY was restricted to four based on a priori knowledge of the general shape of tadpole growth and development curves over time and to prevent overfitting.

In the allocation model, our response variable was tadpole SVL, with ranavirus status as a parametric effect, developmental stage modeled as a smoother term (k = 4), and the interaction between ranavirus status and developmental stage by stratifying the smoother for developmental stage based on ranavirus status.

Many environmental factors can affect tadpole growth and development and could bias model estimates. All three models (growth, development, and allocation) included ecologically relevant covariates known to affect tadpole growth and development based on existing literature. We included the presence/absence of Ambystoma opacum (a voracious tadpole predator) as a parametric effect, as the presence of predators such as A. opacum can have density-mediated and trait-mediated effects on tadpole physiological rates (e.g.,Skelly and Werner, 1990; Peacor and Werner, 2001). We included a smoother term for conspecific density, which can affect physiological rates through density stress and resource competition (e.g., Semlitsch and Caldwell, 1982). We also included a smoother term for average pond temperature, as physiological rates of tadpoles are strongly affected by temperature (e.g., Berven et al., 1979). Additionally, we included pond and year as random intercepts. To assess model assumptions, including normality of residuals and overall model fit, we used the gam.check() function (mgcv package).

To visualize the effect of ranavirus status on tadpole growth, development, and allocation rates, we generated predictions using each GAM (predict() function). We calculated 95% confidence intervals for these predictions, extracted the conditional residuals from the original model, and calculated the adjusted values by adding these residuals to the marginal fit values. We plotted the smooths and residuals using ggplot2 (Wickham, 2016) and used the plot_difference() function (tidymv package; Coretta et al., 2023) to estimate and plot where smooths for the levels of ranavirus status significantly differed for each model.




2.3.3 Pond temperature imputation

Using temperature logger data for each pond-year, we calculated the average pond temperature as the average daily temperature in a pond from 1 May to 30 June, which captures most of the wood frog larval period. However, water temperature data was not recorded for some pond-years due to logger loss or equipment failure; in total, ~30% of the total daily water temperature data was missing. Therefore, we implemented a random forest model (randomForest; Liaw and Weiner, 2002) to impute the missing data (as in Arietta and Skelly, 2021) using a combination of climate variables and a local variable characterizing pond canopy cover. The random forest model fit well (mean out-of-bag R2 = 0.95) and had high predictive accuracy (RMSE = 1.0). We then used the model fit to all our observations to impute daily water temperature data. See Appendix S1 in Supplementary Material for full details.




2.3.4 Tadpole density data imputation

Density surveys were not conducted on 34 occasions (14% of sampling events) in our analysis dataset. When surveys were missed due to early season hatchling clustering near the oviposition site (~76% of cases), we used density values from the following survey ~two weeks later. For surveys missed due to other reasons (e.g., rain, equipment failures; ~14% of cases), we estimated tadpole densities as the average from the nearest surveys before and after the missing session. If both neighboring surveys were unavailable, we used the density from the most recent survey.






3 Results



3.1 Ranavirus infection

A total of 1583 wood frog larvae were screened for ranavirus infection. Of those screened, 392 (24.8%) were ranavirus-positive; overall infection prevalence was 79.8%, 19.3%, and 1.5% in the Dieoff, Infected, and Uninfected groups, respectively (Table 1). Infection intensities of tadpoles in the Dieoff group (i.e., ponds with a ranavirus die-off event) showed a distinct spike in ranavirus infection intensities coincident with the die-off event. In contrast, infection intensities of positive individuals in both the Infected and Uninfected groups were almost uniformly low (Figure 3).




Figure 3 | Temporal dynamics of (A) ranavirus infection intensity (± 1 SE) and (B) prevalence in larval wood frog populations. Each line represents an individual pond, and points represent the average value at individual sampling events. Ponds were grouped into three categories based on the absence of ranavirus (Uninfected; black), presence of ranavirus (Infected; yellow), or presence of ranavirus with a die-off event (Dieoff; red). Each vertical dashed line indicates the start of a die-off event, with crosshairs over the points where die-offs began as a visual aid. We added 1 to the average ranavirus infection intensities before log transforming.






3.2 Effects of ranavirus status on physiological rates

For model summary tables, see Appendix S3 in Supplementary Material.



3.2.1 Tadpole growth

Average growth rate in the Uninfected group was 0.16 ± 0.013 SE mm/day over the entire larval period. Relative to tadpoles from Uninfected ponds, tadpoles from Infected ponds were, on average, 1.63 ± 0.17 SE mm larger over the entire larval period (t = 9.54, P < 0.001); however, the growth rates of the two groups did not differ significantly from one another at any point during the larval period (Supplementary Figure S2.1). Instead, tadpoles from Infected ponds were larger at the time of the initial sample and maintained this difference through time (Figures 4A, B).




Figure 4 | Estimated growth rates (snout-vent length [mm] per day) (A), developmental rates (Gosner stages per day) (C), and allocation rates (snout-vent length per Gosner stage) (E) from generalized additive models (GAMs) using measurements of wild-captured wood frog tadpoles. Solid lines represent marginal trends for tadpoles from Uninfected (black), Infected (gold) and Dieoff (red) ponds with 95% CIs (shaded areas) and conditional residuals (colored points). Vertical dashed lines in (A, C) indicate the start of each observed ranavirus die-off (i.e., the first observation of carcasses); vertical dashed lines in (E) represent the average Gosner stage of tadpoles at the start of each observed ranavirus die-off. To the right of each GAM plot are the pairwise differences of smooths with 95% CIs for the estimates of growth rates (B), developmental rates (D), and allocation rates (F). Red shading indicates regions of significant difference between smooths (i.e., no overlap with zero).



Tadpoles from Uninfected versus Dieoff ponds exhibited distinct growth patterns over the larval period. Early in the larval period (DOY ~121-135), tadpoles from Dieoff ponds grew more rapidly, resulting in larger body sizes over the first third of the larval period (DOY ~125-154). However, the occurrence of ranavirus die-offs caused estimated growth rates of larvae from Dieoff ponds to slow dramatically below those of Uninfected tadpoles, resulting in smaller body sizes over the final half of the larval period (DOY ~161-196; Supplementary Figure S2.1). Because of these differential growth rates before and after ranavirus die-offs, there was no overall average size difference between tadpoles from Uninfected and Dieoff ponds (β = -0.07, t = -0.451, P = 0.652; Figures 4A, B).




3.2.2 Tadpole development

The average developmental rate in the Uninfected group was 0.21 ± 0.004 SE stages/day over the entire larval period. Relative to tadpoles from Uninfected ponds, tadpoles from Infected ponds were, on average, 1.7 ± 0.15 stages more developed over the entire larval period (t = 11.25, P < 0.001). Moreover, tadpoles from Uninfected and Infected ponds exhibited distinct patterns of development over the larval period; specifically, larvae from Infected sites tended to develop faster for the first quarter of the larval period (DOY ~136-156; Supplementary Figure S2.2), resulting in a maximum difference in developmental stage of ~2.1 stages halfway through the larval period (DOY ~164; Figures 4C, D).

Tadpoles from Uninfected and Dieoff ponds exhibited distinct developmental patterns over the larval period. Specifically, larvae from Dieoff sites tended to be more developed early in the larval period and less developed late in the larval period. This shift through time was driven by overall slower developmental rates of individuals from Dieoff ponds (0.19 ± 0.005 SE stages/day; Supplementary Figure S2.2). There was also a modest overall average difference in development between tadpoles from Uninfected and Dieoff ponds: tadpoles from Dieoff ponds were on average 0.38 ± 0.13 stages more developed over the entire larval period (t = 2.85, P = 0.004; Figures 2C, D).




3.2.3 Tadpole allocation

The average allocation rate in the Uninfected group was 0.68 ± 0.07 SE mm/stage during development. Relative to tadpoles from Uninfected ponds, tadpoles from Infected ponds were on average 0.48 ± 0.1 SE mm larger per developmental stage (t = 4.28, P < 0.001; Figures 4E, F), but the relationship varied throughout development. At the beginning of larval development (stages ~25 - 28), tadpoles from Uninfected and Infected ponds were approximately the same size per stage; however, tadpoles from Infected ponds tended to have a slightly higher allocation rate throughout development (Supplementary Figure S2.3), resulting in tadpoles that were modestly larger per developmental stage from Gosner stage ~28 through the start of metamorphosis.

Relative to tadpoles from Uninfected ponds, tadpoles from Infected ponds were on average 0.39 ± 0.1 mm smaller at a given developmental stage (t = -3.92, P < 0.001; Figures 4E, F), but the effect varied markedly throughout development. Similar to Infected tadpoles, tadpoles from Dieoff ponds were approximately the same size per stage as tadpoles from Uninfected ponds at the start of the larval period. However, a higher allocation rate of tadpoles from Dieoff ponds early in larval development resulted in tadpoles on average ~0.6 mm (6%) larger from Gosner stage 26 - 31, with a maximum average size difference of ~0.7 mm (7%) at stage ~28 (Supplementary Figure S2.3). However, a dramatic decline in average allocation rates began on average at stage ~29 (i.e., within the developmental window where die-off events began), resulting in tadpoles from Dieoff ponds being on average ~1.5 mm (8%) smaller per stage from Gosner stage 33 through the start of metamorphosis, with a maximum average size difference of ~1.9 mm (10%) at stage 38.





3.3 Effects of ecological covariates on growth, development, and allocation

After accounting for wood frog density, the presence of predatory salamander larvae (Ambystoma opacum) was associated with slower tadpole development (β = -0.36 ± 0.11 stages SE, t = -3.27, P < 0.001) and accelerated tadpole allocation (i.e., larger size at a given stage developmental stage; β = 0.56 ± 0.08 SE, t = 7.10, P < 0.001), but did not affect tadpole growth (β = -0.12 ± 0.12 SE, t = -1.00, P = 0.314).

The smooth term for average pond temperature revealed an approximately concave down relationship with both tadpole growth and development, with predicted values of both size and developmental stage gradually increasing from 13.6 to ~16°C and gradually declining as average pond temperature approaches the maximum value of 18.2°C. Allocation rate, in comparison, showed a negative, approximately linear relationship with average pond temperature (i.e., tadpoles size-at-stage is larger at colder temperatures).

The smooth term for conspecific density revealed a non-linear decreasing relationship with tadpole growth up to a density of ~40 conspecifics per person-minute, flattening out and marginally increasing beyond this density. The smooth term for conspecific density had a similar relationship with tadpole growth, with a marginally declining but relatively flat relationship up to a density of ~40 conspecifics/person-minute, and increasing slowly beyond this density.





4 Discussion

Our study provides evidence that the presence of ranavirus affects the growth, development, and resource allocation of wood frog tadpoles. Specifically, relative to ponds without ranavirus infection, the presence of ranavirus infection in a pond was associated with modest increases in tadpole allocation (size per developmental stage), tadpole growth (size per unit time), and tadpole development (developmental stage per unit time) early in the larval period and before the onset of die-off events, counter to our expectation that individuals from ponds with ranavirus would be smaller but more developed during this period. In ponds where ranavirus was present but did not lead to a die-off, these advantages in growth, development, and allocation were maintained over the entire larval period through the start of metamorphosis. This pattern contrasts ponds where a ranavirus die-off event occurred, where physiological rates, particularly growth and allocation, declined markedly following die-offs, resulting in tadpoles that were significantly smaller at the start of metamorphosis.

Mortality rates from ranavirus infection can be very high, often matching or exceeding mortality rates associated with conditions known to elicit strong responses in tadpoles, such as predation and pond drying. The observed increases in growth and allocation early in the larval period at ponds with ranavirus may represent an adaptive response to mitigate the fitness costs associated with ranavirus infection. Recent work shows that juvenile frogs display avoidance behaviors toward ranavirus-infected conspecifics, even in the absence of symptoms (Le Sage et al., 2022; Herczeg et al., 2024), indicating that amphibians, like other taxa, can pick up cues of infection and pathogen presence (Kavaliers et al., 2004; Curtis, 2014; Stephenson et al., 2018). Although no work currently demonstrates that tadpoles can detect ranavirus-infected conspecifics, there are studies demonstrating responses of aquatic organisms to conspecifics infected by other pathogens using a combination of chemical and visual cues (Behringer et al., 2018; Côté and Binning, 2025). Increasing growth and allocation in response to ranavirus cues, rather than other responses such as priming the immune system, are intuitive in the context of larval amphibian immunobiology; work in the model species Xenopus laevis suggests that tadpoles are weakly immunocompetent, with some delayed innate immune components and weak acquired immune components (Rollins-Smith, 1998; Andino et al., 2012). By increasing body condition prior to infection by accelerating growth and allocation, tadpoles may better tolerate severe infection, which incurs a high energetic cost coupled with reduced energy acquisition via cessation of feeding (Gray et al., 2009).

While we expected tadpoles in ponds with ranavirus present (i.e., Infected and Dieoff ponds) would accelerate development at the expense of reduced growth before die-offs, we did not find this trade-off; instead, there was a clear increase in growth and weaker impacts on development. The exact drivers behind this pattern are unclear, but multiple mechanisms may allow tadpoles to accelerate growth and allocation early in development. Under most conditions, tadpoles do not grow at the maximum possible rate, as the potential benefits of faster growth must be balanced with exposure to predators and other environmental risks (Petranka, 1989; Skelly, 1994, 1995). Moreover, under many conditions, faster growth may not necessarily be optimal and in fact, may incur fitness costs (Morgan and Metcalfe, 2001; Gahm et al., 2020). Therefore, tadpoles typically constrain growth rates below what is maximally possible but do have the potential to accelerate them under a variety of conditions (e.g., compensatory growth; Mangel and Munch, 2005). Accelerated growth may be mediated through increased foraging rates per se or via increased risk tolerance to threats that otherwise reduce foraging rates, as well as through shifting the diet toward food sources that promote growth over development (Richter-Boix et al., 2007). Interestingly, preliminary evidence suggests that tadpoles exposed to ranavirus, regardless of infection status, increase their activity rates (Howard, 2020); however, it is unclear if these changes in activity affect foraging or diet. Similarly, diet can affect ranavirus infection loads (Hughey et al., 2023), but it is unclear if tadpoles shift their diet in response to infection. Future work addressing foraging rates and dietary shifts in response to ranavirus exposure would provide valuable insights into how tadpoles respond to the presence of ranavirus in their environment and provide insights into the potential mechanisms behind our observations.

Though ranavirus epizootics frequently cause near 100% mortality, we observed repeated instances of cohorts that partially or predominantly survived widespread ranavirus infection. However, our population-level estimates of physiological rates suggest that surviving or avoiding severe infections may have incurred significant energetic costs for many individuals; we observed sharp declines in growth and allocation following the epizootic peak, resulting in nearly 10% smaller tadpoles at the onset of metamorphosis. Although some energetic costs of infection may be offset by increased rates of growth we observed before the die-offs, as well as through reduced resource competition following the mortality of conspecifics, it is still likely that effects of ranavirus epizootics carry over into the terrestrial phase. Though we did not measure lipid stores or body condition directly, lipid stores have been found to be allometrically related to body size, and individuals with lower lipid stores at metamorphosis are less likely to survive to adulthood (Scott et al., 2007). A negative effect of ranavirus infection on growth has been observed in experimental settings (Echaubard et al., 2010; Warne et al., 2011; Wright et al., 2023); our study provides evidence that field patterns match experimental expectations.

Relative to growth and allocation, rates of development were more modestly impacted by ranavirus presence, even in ponds where severe epidemics led to die-offs. Experimental work suggests that tadpoles may accelerate development following infection with ranavirus (Warne et al., 2011), although it is unclear if this is an adaptive response to escape a stressful environment or by-product of elevated corticosterone levels. Our findings are not in conflict with these results - maintaining developmental rate through severe infection while also navigating the complexities of a natural environment suggests that individuals continue to invest resources to maintain development, which is energetically costly and becomes more so for tadpoles in an energetically depleted state (Orlofske and Hopkins, 2009). Alternatively, developmental plasticity may be more limited early in prometamorphosis, limiting the ability of tadpoles to accelerate development in the period before die-offs (Denver et al., 1998). Although our work does not clarify whether developmental responses to ranavirus are a hormonal by-product or an aid in escaping the ephemeral larval environment, it provides field-based evidence that the severe infections associated with die-off events have limited impacts on the development of survivors.

Observational studies are a powerful tool to investigate natural responses to complex ecological phenomena that are difficult to replicate in a controlled experiment; however, because of the nature of such work, it is critical to consider alternative explanations for our observed patterns, as multiple mechanisms are likely at play and are difficult to fully account for in an observational study, warranting further exploration. For example, the observed differences in size early in the larval period between ranavirus-positive and ranavirus-negative ponds could be partially driven by other processes, such as undetected size-biased mortality from ranavirus infection. Although we are unaware of any demonstrations of size-biased mortality occurring in this study system, it has been observed in other host-pathogen systems (e.g., Burrow et al., 2017) and warrants experimental exploration as an alternative explanation for the patterns seen here. Though we rarely found tadpoles with high infection loads prior to the start of die-offs, low-intensity infections can still sometimes lead to less obvious mortality that can be missed even with frequent surveillance. Though we accounted for density in our analysis, unobserved mortality in Infected ponds could have reduced resource competition, increasing growth rates in surviving individuals. There is also the potential that some other unmeasured environmental factor may influence both growth and ranavirus outcomes, resulting in a pattern where we find accelerated growth and/or development in ponds that are also more likely to experience ranavirus epizootics. Although we aimed to account for several key factors that influence tadpole physiological rates in our analyses, we cannot rule out that some other factor(s) that we did not consider influenced the patterns found herein. For example, there is also the potential that some other unmeasured environmental factors, such as pond productivity or nutrient levels, may influence both growth and ranavirus outcomes, which could partially drive patterns such as those in our study. We also did not test for other pathogens, such as Batrachochytrium dendrobatidis, that can co-occur with ranavirus, and so the responses observed here could instead reflect a response to overall pathogen risk instead of just ranavirus specifically. Additionally, although ranavirus has been documented in this amphibian metapopulation over the past 10+ years, the long-term ranavirus infection history of these sites is unclear, and the responses we see could be an evolutionary adaptation to prolonged ranavirus exposure rather than a plastic response to the presence or absence of ranavirus. Finally, though extensive literature shows that larger tadpole body sizes tend to be beneficial for metamorph survival rates, adult size, reproductive output, and locomotor performance (e.g., Scott et al., 2007; Cabrera-Guzmán et al., 2013; Székely et al., 2020), most experimental studies use more exaggerated size differences than some of those found across ranavirus categories in our study (e.g., allocation differences between tadpoles from Infected and Uninfected ponds; Figure 4E), and so more work is needed to understand how the size and allocation differences we identified might impact these populations. Despite these limitations, field studies like ours provide crucial insights into real-world ecological dynamics that cannot be fully replicated in controlled experiments. They capture the complex interplay of multiple factors affecting host-pathogen interactions in natural settings, offering a more holistic view of how organisms respond to infection risk. Our findings serve as a foundation for generating new hypotheses and informing future experimental designs, ultimately contributing to a more comprehensive understanding of amphibian responses to pathogens in their natural habitats. By combining observational studies with carefully designed experiments, we can build a more robust and ecologically relevant understanding of host-pathogen dynamics in amphibian populations.

Our study reveals patterns consistent with novel physiological responses to the presence of ranavirus in the environment. Evaluating these responses to identify the underlying mechanism, whether it is an adaptive response as hypothesized here or an alternative, will require further research, including controlled experimentation. For organisms to evolve a response to an environmental challenge like ranavirus, several conditions must be met, including reliable cues associated with the challenge and demonstrable fitness benefits of the response that outweigh potential costs. It remains unclear what cues are used to detect the presence of ranavirus without direct exposure. Ranavirus environmental DNA (eDNA) can be reliably detected in environments where some ranavirus infection was present for extended periods following the removal of the infectious individual (e.g., Hall et al., 2020), and so tadpoles may be able to detect and respond to ranavirus presence via exposure to non-viable ranavirus particles, similar to responses in amphibians evoked by exposure to dead chytrid fungi (McMahon et al., 2014). It will also be important to investigate how the size and developmental differences we observed between ranavirus-free and ranavirus-infected ponds influence disease outcomes. We can begin by asking: all else equal, are large tadpoles better defended against ranavirus infection? To fully address this question, studies that manipulate food quantity and quality with the presence or absence of ranavirus cues are needed, as well as studies that expose tadpoles to ranavirus cues in a semi-natural environment before introducing infectious ranavirus.

It is well understood that ecological challenges such as predation, desiccation, and competition can induce strong responses in amphibian larvae and other organisms. Yet, induced responses to perceived risk of infection have largely been ignored. Our study sheds light on the physiological responses of amphibian larvae to the presence of a deadly viral pathogen. The observed responses in our study highlight the necessity of identifying the cues that uninfected tadpoles may use to detect pathogens in conspecifics and the environment and how these physiological changes impact disease outcomes. Future studies will increasingly reveal the complex nature of interactions between hosts and pathogens. As has been so well documented for prey response to predators, animals are likely to be active agents in mediating the infection risks they encounter.
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