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In the fight against emerging pathogens, an important management strategy is to identify host refuges to prevent extinctions. Fungal pathogens (Batrachochytrium) are decimating amphibians around the world, but researchers have discovered that coastal amphibians living in high-salt water bodies can experience a refuge because the pathogens have lower survival outside the host in these conditions. This has led to the recommendation that managers should create disease refuges for amphibians by adding salt to water bodies. We review this literature and highlight that while some populations of coastal amphibians have evolved increased salt tolerance, most amphibian populations around the world have not. The relatively high concentrations of salt that are needed to kill the pathogens would cause widespread direct and indirect harm on amphibians and would kill most other aquatic taxa. Thus, intentionally salinizing freshwater habitats is a well-intentioned management strategy, but it is not a well-advised strategy.
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Introduction

Emerging pathogens are a growing concern as new diseases are appearing at a rate of nearly one per year since the 1970s (Relyea, 2021) and causing declines in biodiversity and losses of ecosystem function. Such diseases include avian influenza, wasting diseases in deer and sea stars, white-nose syndrome in bats, and chytridiomycosis in amphibians. These pathogens can be native or invasive, but as each new pathogen emerges and spreads, biologists have struggled to control their spread and mitigate their impact. The challenge in such management efforts is to assess the full suite of potential impacts to minimize harm to the species we wish to protect. Borrowing from the physician’s Hippocratic oath, we need to ensure that we “first, do no harm.”

A common approach to protect species from emerging pathogens is to identify habitat refuges where hosts experience reduced infections. Often such refuges are extreme environments where a host can persist but the pathogen or its vector cannot (Springer, 2009). Such extreme environments are not optimal for the host’s growth and survival (Gsell et al., 2023). For instance, oysters (Crassostrea virginica) living in low-salinity estuaries experience reduced growth and reproduction, but they experience fewer infections from two invasive marine parasites (Haplosporidium nelsoni and Perkinsus marinus) because parasite survival is reduced (Levinton et al., 2011). These refuges allow the host species to persist until we find ways to control the pathogen.

When refuges from pathogens are scarce, we can consider creating refuges through habitat modifications. Creating refuges from stressors has a long history, such as predator controls to protect vulnerable prey populations (Reside et al., 2019) or habitat manipulations to favor the enemies of crop pests (Landis et al., 2000). While refuges can be created through minimal change to the environment (e.g., artificial hotspot shelters in [Waddle et al., 2024]), modifying habitat has recently gained momentum for protecting hosts from emerging wildlife pathogens. However, habitat manipulations can have widespread, cascading effects on ecological communities, so we need a holistic understanding of how communities will respond. Unfortunately, such assessments have rarely been conducted (Langwig et al., 2015). Here, we review recent ideas and concerns regarding creating host refuges for amphibians using salt as a management tool.





The global impact of chytrid pathogens on amphibians

Amphibians face a number of pathogens including two species of chytrid fungus (Batrachochytrium dendrobatidis [Bd] and B. salamandrivorans [Bsal]), which cause the disease chytridiomycosis. The global pandemic lineage of Bd (GPL) and the only known lineage of Bsal are both thought to have originated in Asia and transported to other continents via the commercial pet trade (O’Hanlon et al., 2018).

Bd was first reported in Central America in 1998 (Berger et al., 1998) and has now been found on all six continents that contain amphibians. Given that amphibians in these other regions of the world have no evolutionary history with chytrid fungi, the amphibians commonly have no defenses. It has infected >500 species and may have contributed to the decline of hundreds of species, with dozens going extinct or presumably extinct (Scheele et al., 2019; but see Lambert et al., 2020).

Bsal was discovered in 2013 in Europe where it caused high mortality in fire salamanders (Salamandra salamandra; Martel et al., 2013; Spitzen-van der Sluijs et al., 2013; Richgels et al., 2016). As a result of the pet trade, there is a high probability that Bsal will spread globally (if not already present). This is a major concern in North America, which contains the highest diversity of salamander species in the world. Bsal appears to pose a major risk to this biodiversity hotspot, given recent evidence that Bsal can infect 25 of 35 North American species, spanning five salamander and four frog families, with salamanders exhibiting the highest mortality (Martel et al., 2014; Gray et al., 2023).





The need for refuges from Bd and Bsal

Given the many amphibian population declines likely caused by Batrachochytrium pathogens, there has been a growing effort to identify natural refuges. The main strategies proposed include reducing the abundance of environmental zoospores and reducing direct contact between uninfected and infected individuals (Courtois et al., 2017). Models suggest that host extinction dynamics are determined by the environmental zoospore pool, host resistance, and host tolerance (e.g., Wilber et al., 2017). Importantly, these models suggest that if refuges were less hospitable to zoospores, there would be a reduction of infection, but not an elimination because tolerant individuals can still transmit through direct contact (Kilpatrick et al., 2010). Thus, an ideal refuge would reduce the zoospore pool, tolerant host infections, and direct contact, while also increasing the resistance of susceptible hosts. The environmental conditions that favor these goals depend on the physiological optima of each species (consider the thermal mismatch hypothesis; Cohen et al., 2017). Finding the best refuge conditions for multiple cohabiting species will likely present trade-offs between these four processes that drive disease-induced declines.





The proposition for salinity refuges from Bd and Bsal

In recent years, researchers have proposed strategies to combat Bd and Bsal (Scheele et al., 2014 [see Table 1
], Woodhams et al., 2018 [see Table 2
]). These proposed strategies include eliminating reservoir species, intervening to clear infections, captive breeding, and using chemicals such as fungicides and salts to inhibit the fungal pathogens.

Salt acts as a fungal inhibitor by interfering with osmotic gradients (Blomberg and Adler, 1993), so it has been proposed as a management strategy by some amphibian biologists to make a water body inhospitable to Bd and Bsal. Stockwell et al. (2015) discovered that 3–4 ppt of NaCl slows Bd growth and zoospore motility in culture, but growth is not halted at 5 ppt. Concentrations above 5 ppt have not been tested in culture, except for confirming that 50 ppt of NaCl is lethal to Bd (Johnson et al., 2003). Bsal is more salt tolerant than Bd, maintaining growth from 0 to 6 ppt; growth drops to less than half at 8 ppt and is nearly zero at 14 ppt (Woodhams et al., 2018, Supplementary Figure 2, note: no statistics reported). For comparison, the salinity of the ocean is 35 ppt.

Based on these findings, researchers are promoting salinity as a management tool to mitigate impacts of Bd/Bsal, where it is feasible, well advised, and allowed by regulatory agencies (Stockwell et al., 2014; Clulow et al., 2018; Heard et al., 2018; Woodhams et al., 2018; Garner et al., 2016). The problem is that relatively few situations exist where these three criteria will be met. Given that most freshwater bodies around the world have salinities of < 0.1 ppt, the level of salinity required to inhibit or kill Bd and Bsal is much higher than observed in freshwater habitats.





The effectiveness of salt in reducing Bd infection and mortality

For amphibian populations and species that tolerate high-salinity water bodies, these habitats can serve as refuges from Bd. For example, field surveys of natterjack toad (Epidalea calamita) populations—which inhabit coastal wetlands and display high salinity tolerance (10 ppt; Gomez-Mestre and Tejedo, 2003)—found a negative correlation between conductivity (a measure of salinity) and Bd prevalence, though more research is warranted given the limited sample size (Bramwell, 2011). In Australia, most relict populations of Bd-susceptible Litoria aurea occur within 500 m of coast, so brackish waters have been suggested as a refuge (Pyke and White, 2001). Similarly, L. raniformis has experienced Bd-related declines, and Heard et al. (2014) found a negative correlation between conductivity and infection probability or intensity (although the 95% CIs overlapped with zero). Stockwell et al. (2014) showed further support by adding 0, 2, or 4 ppt of salt to constructed pools and stocking them with uninfected L. aurea tadpoles, allowing Bd infections to occur from local sources. After 1 year, frogs metamorphosing from the 0 ppt pools had the lowest survival and the highest infection prevalence (27%). There was improved survival and reduced infection prevalence in the 2 ppt pools (14%) and 4 ppt pools (3%). This suggests that a salty environment can serve as a Bd refuge for salt-tolerant amphibian species. Notably, these salt manipulations negatively impacted larval dragonflies and damselflies, which is a topic we explore in more detail below.

In some salt-tolerant populations, salty water does not always provide protection from Bd. For instance, when the salt-tolerant Crinia signifera was exposed to Bd and 0.75 to 5 ppt of salt for 4 wks, there were no difference in Bd infection intensity or prevalence (Besedin et al., 2022). Clulow et al. (2018) used outdoor mesocosms with either low (0.5 ppt) or high (3.5-4.5 ppt) salinity and then added exposed and unexposed adult frogs (L. aurea). After 23 weeks, exposed frogs had very low survival (1 to 4%) regardless of treatment, and prevalence did not differ, but survival of initially uninfected frogs was greater with high salt (34%) than low salt (20%).

Sometimes salinity effects can be non-linear. For example, Stockwell et al. (2012), exposed L. peronii to a range of salt concentrations and found that only intermediate concentrations reduced infection loads and mortality rates. At low (0 ppt) and high (5 ppt) salt concentrations, individuals experienced high infection loads and high mortality. Such non-linear responses suggest that management strategies must walk a tight line between helping and causing harm.

Salt-adapted populations also do not always prefer higher salinity pools. For example, Klop-Toker et al. (2017) assessed the salinity preference of L. aurea adults. In a laboratory behavioral experiment, Bd-exposed frogs exhibited no preference for high-salinity water. In outdoor pools, there was no relationship between Bd load or infection status with frog preference for low- or high-salt pools. The researchers also noted the difficulty in maintaining salt concentrations in the outdoor pools; their targeted concentration of 3 ppt fluctuated between 0.5 and 9 ppt.





The impacts of salinization on amphibians

When estimating impacts of elevated salinity on amphibians, we must consider a population’s evolutionary history; several genera contain populations inhabiting high salinity conditions, suggesting these osmoregulatory adaptations are likely a derived trait. Hopkins and Brodie (2015) reviewed the amphibian species living in naturally saline habitats—such as coastal wetlands, saline hot springs, and temporary desert ponds—and found that about 2% of more than 7,300 amphibian species had populations adapted to elevated salinity. Of the 42 salt-tolerant species that were categorized by the authors as “comprehensively studied” with measured tolerance, only 25 species could tolerate >8 ppt and only 5 species could tolerate >14 ppt salinity. Thus, many of these salt-adapted species are not able to survive proposed Bsal refuge conditions. Moreover, this is likely an overestimate of species for which this strategy could work, given that coastal populations can be locally adapted to higher salinity while inland freshwater populations display no such capacity and die at lower concentrations (e.g., Gomez-Mestre and Tejedo, 2003; Albecker and McCoy, 2017). Collectively, this suggests that chytrid refuges can be tolerated by only a small fraction of amphibian species and only a subset of their populations.

In an analysis of salt tolerance data for many aquatic species, Brady et al. (2017) examined 13 North American amphibian species that do not inhabit saline habitats. They found that all 13 species had LC50 values (i.e., the concentration required to kill 50% of a test population) below 6 ppt and one species had an LC50 of 0.2 ppt. One would predict that the salt would need to be 10% of this value (<0.6 ppt) to cause no death in these amphibians. In a meta-analysis of 39 studies of freshwater and brackish-adapted anuran species’ survivorship to salt exposure, Albecker and McCoy (2017) estimated the LC50 for anuran eggs at 4.2 ppt, larvae at 5.5 ppt, and adults at 9.0 ppt. Collectively, these data confirm that freshwater anurans are generally salt-sensitive and have a lower salt tolerance than Bd and Bsal.

Even small changes in salt concentrations can cause harmful sublethal effects for freshwater amphibian populations. So far, exposures at sublethal concentrations have demonstrated increased energy consumption, sex changes, stunted growth, sluggish behaviors, dysregulated stress responses, reduced immune function, altered gut microbiomes, and susceptibility to other pathogens (Hall et al., 2017; Lambert et al., 2017; Hughey et al., 2023; Buss and Hua, 2018; Tornabene et al., 2021). Depending on the species’ density dependent effects, these sublethal effects can have demographic consequences (e.g., Karraker et al., 2008). Given that exposure to high salinity caused more severe and more lethal ranavirus infections in Rana sylvatica tadpoles and salinity was positively correlated with the incidence of ranavirus mortality events (>95% tadpole mortality; Hall et al., 2020), creating refuges from one pathogen could cause increased mortality from another (Figure 1).




Figure 1 | Impacts of salt additions to mitigate Bd and Bsal in a freshwater community. Using salt additions to reduce the abundance of zoospores has the unintended consequence of altering food webs, altering ecosystem function, negatively impacting amphibian host health, and unknown effects on disease dynamics and epidemiology. A simplified freshwater food web shows losses of primary producers, prey for amphibians, and predators of pathogen zoospores (freshwater zooplankton) with salt modification.







The impacts of salinization on freshwater ecosystems

While promoting the use of salinization against pathogens for amphibian conservation, there has been little discussion of the unintended impacts of salinization on the rest of the food web in freshwater ecosystems, other than suggesting caution about potential negative impacts. As Stockwell et al. (2015) concluded, “For the creation of salt refuges, this would involve confirmation that … this use will result in desired outcomes for survival and no detrimental effect on target and non-target organisms.” Similar cautionary notes were offered by Stockwell et al. (2014), Clulow et al. (2018), and Heard et al. (2018). When the above studies were written, concerns about biodiversity loss due to the issue of secondary salinization were starting to be raised across the globe (e.g., Kaushal et al., 2005; Karraker et al., 2008). Secondary salinization refers to recent elevated salinity in freshwater ecosystems from agricultural clearing, irrigation, mining, seawater intrusion, and the application of deicing salts in cold regions of the world. However, there has been an exponential increase in research on how secondary salinization affects individuals, populations, communities, and ecosystems (reviewed in Hintz and Relyea, 2019, Hintz et al., 2022b) and our current understanding is that the proposed salt concentrations can cause direct lethal effects, sublethal effects, and indirect effects through a food web.

While a few species of amphibians have exhibited modest levels of evolved tolerance to salt (Brady, 2012; Relyea et al., 2024), the lack of evolutionary pressures to tolerate high salinities is widespread in freshwater plants, animals, and algae, as they all perform quite poorly under high saline conditions (Hintz and Relyea, 2019 and references therein). A recent collaboration of 16 research groups around the world has found that LC50 values for zooplankton can be as low as 0.1 ppt Cl-, demonstrating that freshwater zooplankton can be exceptionally sensitive to salt (Hintz et al., 2022a). This is important because zooplankton and algae form the base of aquatic food webs, including serving as the food for larval anurans and salamanders. Among macroinvertebrates, LC50 values are quite variable, but many are below 1 ppt Cl-. With some evidence that invertebrates can be predators of Bd zoospores (Schmeller et al., 2014), elevated salt could reduce this benefit from a diverse food web.

In short, just as high concentrations of salt will make freshwater habitats inhospitable to Bd and Bsal, it can also make water bodies inhospitable to most freshwater species of plants and animals (Figure 2). This is why the U.S. EPA has set the acute threshold for salt exposure (i.e. short-term) at 0.86 ppt Cl- and the chronic threshold (i.e. long-term) at 0.23 ppt Cl- (Benoit and Stephan, 1988). In Canada, the guidelines are more conservative, with an acute threshold of 0.64 ppt CL- and a chronic threshold of 0.12 ppt Cl- (Canadian Council of Ministers of the Environment, 2011). As noted in a recent review, other regions of the world, including most European countries, have not set chloride thresholds (Schuler et al., 2019). However, these safety thresholds were developed before the research on salinization rapidly grew. We now appreciate that these thresholds need to be even lower to protect freshwater taxa. Further, even salt-adapted species experience consequences of living in salt pools such as reduced survival and growth (e.g., Gomez-Mestre and Tejedo, 2003; Wu and Kam, 2009). If managers seek to create a refuge from disease through adaptation, why not assist in the evolution of resistance to chytridiomycosis rather than hoping for the evolution of salt tolerance?




Figure 2 | The impacts of adding salt to water bodies. The experimental mesocosm on the left is the control, containing 15 mg/L of chloride. The mesocosm on the right contains 1600 mg/L of chloride. The two photos illustrate the dramatic effects of adding salt to aquatic food webs. High salt concentrations eliminate filamentous algae, aquatic plants, and many of the zooplankton species that normally consume the floating phytoplankton. These changes have a multitude of cascading effects throughout the food web, including on amphibians and their pathogens. Photos by Kayla Coldsnow.







Conclusions

The search for management strategies to mitigate Bd and Bsal impacts is a high priority for amphibian conservation and all possible options should be explored. Based on a review of the latest literature, it seems clear that for the small percentage of salt-tolerant amphibian populations, a saline environment can often reduce Bd transmission and mortality from chytridiomycosis, supporting habitat modification as a feasible management strategy. However, for the 98% of amphibian species that do not inhabit saline environments, creating a Bd/Bsal refuge using 8-14 ppt NaCl should not be considered a viable option because it will result in direct lethal effects to the amphibians and many other aquatic taxa, indirect harmful effects throughout the food web, a wide range of sublethal effects with demographic consequences, and potentially increased disease incidence from other infectious agents. Note, we are not suggesting that treating salt-tolerant animals with a salt bath would be harmful, unless the salt was released into the freshwater environment, which could happen if salty aquatic habitats were created in the vicinity of low-salt aquatic habitats. As stated by Stockwell et al. (2014), “the benefits for host survival need to be weighed against the potentially negative effects on tadpole fitness, nontarget species abundance, and community dynamics.” With our rapidly growing understanding of how unintentional salinization harms freshwater ecosystems, any plans for intentional salinization of these water bodies seems ill-advised. Thus, when working to protect amphibians from Bd and Bsal, we have to remember to first, do no harm.
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