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39 Abstract

40 Climate and land-use changes are expected to increase the future occurrence of wildfires, 

41 with potentially devastating consequences for freshwater species and ecosystems. Wildfires 

42 that burn in close proximity to freshwater systems can significantly alter the physicochemical 

43 properties of water. Following wildfires and heavy rain, freshwater species must contend with 

44 complex combinations of wildfire ash components (nutrients, polycyclic aromatic 

45 hydrocarbons, and metals), altered light and thermal regimes, and periods of low oxygen that 

46 together can lead to mass mortality events. However, the responses of aquatic fauna to 

47 wildfire disturbances are poorly understood. Here we provide a systematic review of 

48 available evidence on how aquatic animals respond to and recover from wildfire disturbance. 

49 Two databases (Web of Science and Scopus) were used to identify key literature. A total of 

50 83 studies from across 11 countries were identified to have assessed the risk of wildfires on 

51 aquatic animals. We provide a summary of the main ecosystem-level changes associated with 
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52 wildfires and the main responses of aquatic fauna to such disturbances. We pay special focus 

53 to physiological tools and biomarkers used to assess how wildfires impact aquatic animals. 

54 We conclude by providing an overview of how physiological biomarkers can further our 

55 understanding of wildfire-related impacts on aquatic fauna, and how different physiological 

56 tools can be incorporated into management and conservation plans and serve as early 

57 warning signs of wildfire disturbances. 

58

59

60

61

62

63

64

65

66

67

68

69

70

71 Introduction

72 Climate and land use changes are transforming ecological fire regimes on a global scale 

73 (Benali et al., 2017; Pausas & Ribeiro, 2013; Rogers, Balch, Goetz, Lehmann, & Turetsky, 

74 2020). Wildfires are widely recognised as a natural and important phenomenon of various 

75 ecosystem, but the increased occurrence and intensity of wildfires are having severe, negative 

76 effects on ecosystems (Verkaik et al., 2013; Williams-Subiza & Brand, 2021). Rising 

77 temperatures, shifts in precipitation and prolonged droughts, coupled with poor forest 

78 management and changing land-uses have contributed to aggravated wildfires (Benali et al., 

79 2017; Westerling et al., 2011). As such, wildfire seasons have been extended, and the 
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80 frequency, size, and duration of wildfires have increased (Pausas & Ribeiro, 2013; Rogers et 

81 al., 2020). For example, the Australian megafires of 2019 – 2020 were unprecedented in scale 

82 and severity. The fires burnt through 97,000 km2 of south-eastern Australia across 

83 subtropical, Mediterranean, and temperate bioregions and lasted an astonishing eight months 

84 (July 2019 – March 2020) (Collins et al., 2021). Similarly, the five most recent wildfires that 

85 ripped through California, USA, were the most severe and intense in the state’s recorded 

86 history (Ball, Regier, González-Pinzón, Reale, & Van Horn, 2021 and references within). 

87 These events are mere examples of the increasing severity of wildfire events. Disturbingly, 

88 though, the threat of wildfires on the earth’s biodiversity has yet to be realised. Wildfire 

89 research and management efforts have been primarily directed towards terrestrial systems 

90 (Engstrom, 2010; McLauchlan et al., 2020; Ward et al., 2020), while wildfire disturbances to 

91 aquatic environments have garnered little attention (c.f., Bisson et al., 2003; Bixby et al., 

92 2015; Leigh et al., 2015). The limited attention on aquatic environments is likely due to a 

93 lack of synthesis on the effects of wildfires on aquatic environments and our poor 

94 understanding of wildfire impacts on aquatic animals. However, available evidence indicates 

95 that the increasing severity of wildfire events will exert strong influences on freshwater 

96 ecosystems and threaten freshwater biodiversity (Monaghan, Machado, Corado, Wrona, & 

97 Soares, 2019; Silva et al., 2020; Verkaik et al., 2013). 

98 Wildfires can have indirect consequences on freshwater systems that completely 

99 change the physicochemical environment (Fig. 1; Bixby et al., 2015; Leigh et al., 2015; Vaz 

100 et al., 2015). Following a wildfire, heavy rains can wash burnt ash directly into freshwater 

101 systems (Cooper et al., 2015; Earl & Blinn, 2003). Wildfire ash is laden with complex 

102 combinations of nutrients, metals, sediment, and other organic and inorganic matter that 

103 profoundly alter physicochemical parameters of freshwaters (e.g., increase water pH, 

104 conductivity, turbidity, lower oxygen levels; Earl & Blinn, 2003; Silva et al., 2016). 

105 Moreover, the loss of basin vegetation following a fire increases the risk of erosion (by wind 

106 and water) and runoff, especially after heavy rains, and facilitates sediment transport into 

107 freshwaters (Bixby et al., 2015; Vaz et al., 2015). Sediment runoff is exacerbated by the 

108 hydrophobic nature of heavily burnt soils that reduce water infiltration and hydraulic 

109 conductivity (Saxe, Hogue, & Hay, 2018; Smith, Sheridan, Lane, Nyman, & Haydon, 2011). 

110 Severe wildfires also reduce riparian vegetation cover, meaning that waterbodies are exposed 

111 to increased light penetration and subsequently increases in water temperature (Beakes, 

112 Moore, Hayes, & Sogard, 2014; Koetsier, Tuckett, & White, 2007). Together, these 
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113 physicochemical changes are expected to have pronounced effects on residing species, but we 

114 lack an understanding of how freshwater species cope with and recover from wildfire 

115 disturbances and associated runoff. 

116 The impacts of wildfires and runoff on aquatic fauna have centred on understanding 

117 population and community level effects (e.g., community composition, species richness, 

118 abundance data; Howell, 2006; Lyon & O'Connor, 2008; Robson, Chester, Matthews, & 

119 Johnston, 2018). Although these data are useful in providing baseline information of wildfire 

120 impacts, they can be limited in their utility to conservation because they: 1. provide no 

121 information on the physiological status of individuals and species (e.g., locomotor 

122 performance, immune function, reproduction), 2. cannot provide information on the extent 

123 and timescale to recovery (e.g., recovery from toxic wildfire ash components, re-

124 establishment of diet), and 3. can mask underlying effects (e.g., toxic effects, energetic status) 

125 of wildfire disturbance. For instance, following a major wildfire, salmonid fishes were found 

126 to reside at equal densities in fire-affected and reference sites of Scott Creek, California, but 

127 individuals residing in fire-affected reaches suffered significant loss of physiological 

128 condition (as indicated by mass and length estimates) and lost mass in the summer following 

129 the fire disturbance (Beakes et al., 2014). Similarly, the survival of freshwater amphipods, 

130 Hyalella azteca, was unaffected by wildfire ash, but investigations into oxidative enzyme 

131 biomarkers revealed significant oxidative stress (Plomp, Klemish, & Pyle, 2020). The use of 

132 physiological tools can provide key insight into the sublethal impacts of wildfires and allow 

133 for an understanding of how aquatic animals respond to and recover from wildfire 

134 disturbances, though their utility to conservation and management has yet to be realised. 

135 Here, we performed a systematic review to assess how aquatic animals respond to and 

136 recover from wildfire disturbance. The aim of this review was three-fold: (1) to highlight the 

137 main risks of wildfires disturbances to aquatic fauna; (2) to identify how existing literature 

138 has utilised physiological tools to assess wildfires impacts on aquatic animals; and (3) to 

139 highlight the role that physiological tools can play in managing and mitigating fire-related 

140 threats to aquatic fauna.

141 Review protocol

142 Our review protocol followed PRISMA guidelines (Preferred Reporting Items for Systematic 

143 Reviews and Meta-Analyses, Fig. S1; Moher et al., 2015) and a ROSES (RepOrting 

144 standards for Systematic Evidence Syntheses; Haddaway, Macura, Whaley, & Pullin, 2018) 
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145 form is included as a supplementary file (Table S1). We performed a systematic search using 

146 the Scopus and Web of Science Core Collection (WoS) online databases on 29th April 2021. 

147 Both databases were accessed through The University of Queensland’s library subscription. 

148 Searches were refined by document type and subject area. The exact search strings were as 

149 follows:

150 Scopus = ( TITLE-ABS-KEY ( ( “fire”  OR  “bushfire”  OR  “wildfire” ) )  AND  TITLE-ABS-KEY 

151 ( ( ( "runoff"  OR  "rainfall"  OR  "flood"  OR  "polycyclic aromatic hydrocarbons"  OR  "PAHs"  OR  

152 "metals"  OR  "ash"  OR  "slug"  OR  "inorganic"  OR  "sediment"  OR  "turbidity"  OR  "oxygen"  

153 OR  “temp*” ) ) )  AND  TITLE-ABS-KEY ( ( ( "fish"  OR  "amph*"  OR  "tadpole"  OR  "crust*"  

154 OR  "aquat*"  OR  "invert*"  OR  "freshwater" ) ) ) )  AND  ( LIMIT-TO ( DOCTYPE ,  "ar" )  OR  

155 LIMIT-TO ( DOCTYPE ,  "cp" )  OR  LIMIT-TO ( DOCTYPE ,  "cr" )  OR  LIMIT-TO ( DOCTYPE 

156 ,  "ed" ) )  AND  ( LIMIT-TO ( SUBJAREA ,  "ENVI" )  OR  LIMIT-TO ( SUBJAREA ,  "AGRI" )  

157 OR  LIMIT-TO ( SUBJAREA ,  "EART" )  OR  LIMIT-TO ( SUBJAREA ,  "BIOC" )  OR  LIMIT-

158 TO ( SUBJAREA ,  "MULT" )  OR  LIMIT-TO ( SUBJAREA ,  "PHAR" )  OR  LIMIT-TO ( 

159 SUBJAREA ,  "VETE" ) ).

160 Web of Science = TOPIC: ((“fire” OR “bushfire” OR “wildfire”)) AND TOPIC: (("runoff" 

161 OR "rainfall" OR "flood" OR "polycyclic aromatic hydrocarbons" OR "PAHs" OR "metals" 

162 OR "ash" OR "slug" OR "inorganic" OR "sediment" OR "turbidity" OR "oxygen" OR 

163 “temp*”)) AND TOPIC: (("fish" OR "amph*" OR "tadpole" OR "crust*" OR "aquat*" OR 

164 "invert*" OR "freshwater")) Refined by: [excluding] DOCUMENT TYPES: ( review OR 

165 book chapter) AND WEB OF SCIENCE CATEGORIES: (Environmental Sciences OR 

166 Ecology OR Geosciences Multidisciplinary OR Marine Freshwater Biology OR Water 

167 Resources OR Biodiversity Conservation OR Zoology OR Engineering Environmental OR 

168 Environmental Studies OR Fisheries OR Multidisciplinary Sciences OR Material Sciences 

169 Multidisciplinary OR Toxicology OR Evolutionary Biology OR Veterinary Sciences OR 

170 Biology OR Entomology OR Mineralogy OR Physiology OR Behavioural Science). 

171 We identified 1240 and 773 studies meeting the search terms in Scopus and WoS, 

172 respectively. In addition, we performed backwards and forwards searches to find additional 

173 studies cited in/citing three related papers (Bixby et al., 2015; Lyon & O'Connor, 2008; 

174 Rieman & Clayton, 1997). A total of 489 duplicates were removed, leaving 1524 papers for 

175 title and abstract screening (Fig. S1, PRISMA). We used Rayyan software to screen title and 

176 abstracts (Ouzzani, Hammady, Fedorowicz, & Elmagarmid, 2016). Titles and abstracts were 

177 screened based on a predefined decision tree (Fig. S2). Approximately 93% of papers were 
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178 excluded after title and abstract screening. The full text of the remaining 119 papers were 

179 then screened and excluded if: 1) no data on the responses of aquatic animals to wildfires 

180 were presented (n = 29); 2) wrong publication type (e.g., reviews, perspectives; n = 6); and 3) 

181 non-English full text (n = 1). We extracted meta-data from included papers, including the 

182 year of publication, field of research, study duration (< 1 year = short-term, 1 – 10 years = 

183 mid-term, > 10 years = long-term; Leigh et al., 2015), focal taxonomic group 

184 (macroinvertebrates, amphibians, or fish), and geographic region. We used the bibliometrix 

185 package (Aria & Cuccurullo, 2017) in RStudio (version 1.2.1335) to performed a 

186 bibliometrics analysis of included papers. Specifically, a thematic map analysis of the most 

187 frequently used keywords (in the title, abstract and keywords) appearing in included papers 

188 were used to identify main risks and common approaches used to address wildfires-related 

189 disturbances to aquatic fauna.

190 Results

191 Our review protocol yielded 83 studies describing the impacts of wildfire and runoff on 

192 aquatic taxa (see Table S2 for a full list). This field of research still in its infancy (Fig. 2a). 

193 The earliest publication included in our analysis was published in 1991, and only eight 

194 studies were published between the years 1991-2001. Research on the impacts of wildfires on 

195 aquatic animals has increased exponentially since the 2010s. Included studies were conducted 

196 across 11 countries. Most of the research (90% of studies, 74/83 studies) has been conducted 

197 across four countries (United States = 44 studies, Portugal = 12 studies, Australia = 10 

198 studies, and Canada = 8 studies), with few studies having been conducted elsewhere (n = 15; 

199 Argentina, Brazil, Botswana, Norway, South Africa, Spain, and the UK). Research on the 

200 impacts of wildfires on aquatic animals has centred on the impacts at the community- and 

201 population-levels, as well as ecotoxicological impacts of wildfire ash on individuals (Fig. 2b). 

202 Few studies have utilised physiological tools to address the impact of wildfire or wildfire-

203 runoff components on aquatic fauna (< 10%). Moreover, most studies have investigated the 

204 short-term (< 1 year; 58% of studies) responses of aquatic fauna to wildfires, with few studies 

205 having examined the long-term impacts (> 10 years, 13% of studies; Fig. 2c). Most studies 

206 examining the impact of wildfires and runoff on aquatic fauna have been conducted in situ, 

207 with fewer laboratory (including micro- and mesocosm) examinations (Fig. 2d). Laboratory 

208 experiments have included non-lethal (n = 12 studies) and lethal (n = 11 studies) endpoints. 

209 Non-lethal endpoints include the monitoring of growth/developmental rates, feeding, 

210 behavioural traits, and biochemical assays (Table S2). Laboratory studies simulate post-fire 
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211 conditions by manipulating levels of aqueous extracts of ashes, using wildfire runoff, or by 

212 introducing wildfire ash into experimental tanks (Table S2). Work has primarily focused on 

213 the responses of macroinvertebrate (54% of studies) and fishes (but predominantly 

214 salmonids; 40% of studies) to wildfire (Fig. 2e). Few studies have examined the responses of 

215 amphibians to wildfire (6% of studies). 

216 Our bibliometrics analysis revealed a clustering of keywords around three major 

217 themes (Fig. 3): (i) population and community level (e.g., species richness, community 

218 structure) impacts of wildfire disturbances, (ii) ecosystem level impacts of wildfires (water 

219 contamination, water quality) on freshwaters, and (iii) toxicity of wildfire runoff components. 

220 Discussion

221 Impacts of wildfires on water quality 

222 Light

223 Wildfires can partially or completely destroy riparian vegetation that exposes underlying 

224 aquatic habitat to increases light (Figs. 1 & 4; Cooper et al., 2015; Malison & Baxter, 2010; 

225 Rodriguez-Lozano, Rieradevall, Rau, & Prat, 2015). For instance, a major wildfire 

226 completely removed the riparian vegetation of streams in Vall d’Horta, northern Spain, that 

227 caused photosynthetically active radiation (PAR) to double (10 versus 21 µmol m-2 s-1) at fire 

228 affected sites compared to control sites (Rodriguez-Lozano et al., 2015). Most significantly, 

229 riparian cover can take years to recover; canopy cover had not returned to reference levels by 

230 within five years after the Vall d’Horta wildfire. Increases in light availability, coupled with 

231 warmer waters (from increases in solar radiation) and elevated nutrient concentrations, in 

232 burnt freshwater habitats stimulates primary productivity, where algal growth is spurred 

233 (Cunillera‐Montcusí et al., 2019; Robson et al., 2018) and community composition is altered 

234 to the benefit of a few disturbance-adapted taxa (Cooper et al., 2015; Mellon, Wipfli, & Li, 

235 2008; Verkaik, Prat, Rieradevall, Reich, & Lake, 2014; Williams-Subiza & Brand, 2021). 

236 Juvenile fishes tend to benefit from an increased primary productivity (e.g., greater access to 

237 food, improved growth; Koetsier et al., 2007; Silins et al., 2014), but larger fish can be 

238 negatively affected (Rosenberger, Dunham, Neuswanger, & Railsback, 2015; Tonn et al., 

239 2003). 

240 This review found that no studies have directly examined the impact of elevated light 

241 quantity (or elevated PAR) on aquatic taxa within the context of wildfires. However, 

242 increased light levels due to the removal of riparian vegetation can have adverse effects on 
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243 body morphology, disease resistance, metabolism, and mortality of aquatic animals (reviewed 

244 by Pusey & Arthington, 2003). Changes in light can also increase egg and larval mortality 

245 due to increased ultraviolet-B radiation (Alton & Franklin, 2017; Pusey & Arthington, 2003) 

246 and decrease the ability aquatic animals to discriminate between mates and increase 

247 conspicuousness to predators (Alton, Wilson, & Franklin, 2011; Cerri, 1983). Moreover, the 

248 progression of  global climate change is projected to increase the amount of PAR reaching 

249 freshwater habitats due to ongoing stratospheric ozone depletion (Herman, 2010), which may  

250 exacerbate effects on aquatic animals. Given that wildfires can profoundly alter the light 

251 availability in freshwaters, research into the direct effects of elevated light (and elevated 

252 PAR) on aquatic taxa within the context of wildfires is warranted. 

253 Water temperature

254 The loss of riparian vegetation can profoundly alter the thermal conditions of freshwaters 

255 (Hitt, 2003; Koontz, Steel, & Olden, 2018; Rhoades, Entwistle, & Butler, 2011). Wildfires 

256 can significantly raise water temperatures by a magnitude of 0.8 to 15oC (Gresswell, 1999; 

257 Koontz et al., 2018). The impact of fires on water temperature can be immediate, with the 

258 severity depending on the fire’s intensity, convection, and the volume of water in the burned 

259 region (Rieman & Clayton, 1997). For example, Koetsier et al. (2007) recorded a 5oC 

260 increase in stream water temperatures following a forest fire that scoured much of the 

261 surrounding vegetation along the Boise River Catchment (Idaho, USA), whereas water 

262 temperature was increased by 2oC at sites that suffered mid-intensity burns. Wildfire can also 

263 affect the thermal regimes of freshwaters for extended time periods (months to years). Koontz 

264 et al. (2018) reported a consistent increase in the frequency of relatively warm days and a 

265 decrease in the frequency of cold days in streams along the Pacific Northwest region of the 

266 USA in the year after a wildfire. Similarly, seven years after a fire, there was no evidence that 

267 maximum stream temperatures were returning to pre-fire norms in Bitterroot River Basin, 

268 Montana (Mahlum, Eby, Young, Clancy, & Jakober, 2011). Long-term increases in water 

269 temperature following a fire are dependent on the degree of stream channel reorganisation, 

270 stream discharge rates, burn severity, change in canopy cover and the increase in solar 

271 radiation (Beakes et al., 2014; Cooper et al., 2015; Dunham, Rosenberger, Luce, & Rieman, 

272 2007; Koetsier et al., 2007; Rhoades et al., 2011; Woltemade & Hawkins, 2016). Woltemade 

273 and Hawkins (2016) estimate that canopy cover removal following a large-scale forest fire 

274 would increase average temperatures by 2.2 – 5.9oC in streams of low discharges and by 1.0 

275 – 4.4oC in moderate discharge streams. Similarly, a strong positive relationship between 
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276 stream temperature and light flux in burned streams, with light flux (and therefore water 

277 temperature) being greatest in pools where vegetation had burned closest to the water’s edge 

278 (Beakes et al., 2014).

279 The biological responses of aquatic ectotherms to changes in water temperature are 

280 relatively well understood (Huey & Kingsolver, 1989; Little, Loughland, & Seebacher, 2020; 

281 Pörtner & Peck, 2010) and includes an increase in metabolism and associated physiological 

282 rates (Little et al., 2020). Ectothermic species tolerate thermal increases up to an upper limit, 

283 defined as the critical thermal maximum, after which further increases in temperature are 

284 lethal (Pörtner & Peck, 2010). Although the localised mortality of aquatic organisms is often 

285 reported following major wildfire events (Burton, 2005; Driessen, 2019; Johnston, G., 

286 Robson, & Chester, 2014; Silva et al., 2020), this review found no evidence of direct 

287 mortality of aquatic fauna attributable to extreme water temperatures caused by wildfires. 

288 However, periods of warming during and after a fire could result in local extirpation of 

289 species if species-specific thermal limits are surpassed. Hitt (2003) described some anecdotal 

290 accounts of a localised fish kill one month following a major fire, which was attributed to 

291 warmer water temperatures. Similarly, fish densities declined drastically in reaches affected 

292 by high severity wildfire in Cottonwood Creek in the Boise National Forest in Southwest 

293 Idaho (Burton, 2005). Contrarily, Dunham et al. (2007) reported no mortality of native 

294 aquatic species (rainbow trout Oncorhynchus mykiss and tailed frog larvae Ascaphus 

295 montanus) across almost every site sampled, despite a 4 – 12oC upwards shift in stream water 

296 temperatures across 13 years following a wildfire in the Boise River Basin (USA). However, 

297 in a follow-up study, Rosenberger et al. (2015) found that although rainbow trout were found 

298 in burned reaches, fish densities were significantly lower in burned than in unburned streams. 

299 Fire-induced warming can also affect life-history traits (e.g., timing of reproduction, age and 

300 size at maturity, sex-ratios, longevity, etc.) that can affect population dynamics (Pusey & 

301 Arthington, 2003). For instance, trout living in warmer waters following wildfires displayed 

302 an earlier onset of maturity and matured at a smaller body size than fish from unwarmed 

303 streams (Rosenberger et al., 2015). This could have substantial population implications for 

304 populations of fish living in warmed streams because age and size at maturation are 

305 fundamental correlates of an individual’s life-time fitness (e.g., reproductive output, survival; 

306 Kuparinen et al., 2011), which could have different consequences depending on degree of 

307 warming, the species, etc.
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308 There is some evidence to suggest that wildfire-induced warming of freshwaters may 

309 increase the energetic costs for organisms. In an opportunistic experiment, Beakes et al. 

310 (2014) examined the immediate and short-term impacts (pre-fire, during and 1 year post fire) 

311 of wildfire on the distribution and bioenergetics of rainbow trout after a wildfire burned 

312 through a major tributary of the Scott Creek watershed in central California. After the 

313 wildfire, fish from burned and reference streams were surveyed (measured, tagged, and 

314 released) and recaptured 3-months later to estimate individual growth over the summer. 

315 Beakes et al. (2014) found that fish living in burned regions suffered a 3.8% loss in body 

316 mass over the 3-month summer period, whereas fish residing in reference pools gained mass 

317 (~9.9% mass increase) over the same time. Beakes et al. (2014) also took advantage of 

318 bioenergetics modelling (which accounts for increases in temperature during and after the 

319 fire) to explore the energetic costs of wildfires on fish. Beakes et al. (2014) estimate the post-

320 fire energetic costs for rainbow trout to be up to 4% higher than the costs of fish living in 

321 unburned, reference streams. Consistent with these results, Rosenberger et al. (2015) reported 

322 that rainbow trout living in fire-warmed streams had significantly lower lipid contents than 

323 fish inhabiting unburned streams, which is indicative of elevated energetic demands in fish 

324 living in warmer waters affected by wildfires. To offset these higher costs, fish would need to 

325 increase prey consumption rate, utilise finite energy reserves (glycogen and/or lipid stores), 

326 or seek less energetically expensive habitats (e.g., cool, well oxygenated waters). However, 

327 stomach contents of rainbow trout revealed that fish from the burned streams consumed much 

328 smaller prey and, after standardising the mass of prey (mg) by fish mass (g), consumed less 

329 prey per fish (0.99 mg/fish mass) than fish from reference regions (2.03 mg/fish mass) 

330 (Beakes et al., 2014). This suggests that fish in fire-affected streams were unable to increase 

331 prey consumption and may be forced to migrate in search of better habitat or risk energetic 

332 deficits. Further work is required to understand how changing fire regimes interact with the 

333 many physicochemical changes (i.e., increased water ash content, turbidity, nutrients) that 

334 occur during and following a wildfire event to impact organismal performance and survival.  

335 The removal of basin vegetation during a wildfire facilitates the runoff of ash into freshwaters 

336 (Fig. 4; Bozek & Young, 1994; Leigh et al., 2015). Post-fire ash is composed of a complex 

337 milieu of nutrients, ions (e.g., Mg2+, Si4+, K+, Ca2+), sediment, metals, polycyclic aromatic 

338 hydrocarbons (PAHs), and residual fire suppressants that can severely impact aquatic fauna 

339 (Brito, Passos, Muniz, & Oliveira, 2017; Campos, Abrantes, Keizer, Vale, & Pereira, 2016; 

340 Earl & Blinn, 2003; Hall & Lombardozzi, 2008; Harper et al., 2019; Schafer, Hearn, Kefford, 
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341 Mueller, & Nugegoda, 2010; Silva et al., 2016). The exact mixture of wildfire ash can depend 

342 on the geographic region, vegetation type, soil and biomass characteristics, on burn intensity, 

343 and fire-fighting approach (Barber et al., 2003; Harper et al., 2019). Post-fire rainfall and 

344 wind events facilitate the deposition of ash into freshwaters (Cerdà & Doerr, 2008; Leigh et 

345 al., 2015; Reneau, Katzman, Kuyumjian, Lavine, & Malmon, 2007). For example, a period of 

346 heavy rainfall (153 mm over 6 days) removed 36 mm of wildfire ash following a high 

347 intensity wildfire in eastern Spain (Cerdà & Doerr, 2008). Wildfire intensity also plays a role 

348 in determining erosion events; heavily burned and de-vegetated catchments facilitate wind 

349 and rain erosion. Severely burned soils are denatured, becoming hydrophobic and aid the 

350 runoff of course sediment and vegetation erosion (Saxe et al., 2018; Smith et al., 2011). Once 

351 in freshwaters, wildfire ash can affect aquatic animals due to direct toxicity (e.g., toxicity of 

352 PAHs, metals) and indirectly by lowering water quality (e.g., increase turbidity, conductivity, 

353 oxygen depletion; Fig. 1). 

354 Wildfire ash

355 To date, most of the research on wildfire ash has been ecotoxicological (i.e., toxic endpoints, 

356 threshold effects of wildfire ash on organisms) or examined behavioural responses to wildfire 

357 ash (Fig. 2b). For example, Gonino, Figueiredo, Manetta, Alves, and Benedito (2019) 

358 assessed the 24-h acute toxicity of exposure to wildfire ash (concentrations from 0 – 2500 

359 mg/L) in native Brazilian (Astyanax lacustris, Moenkhausia forestii and M. bonita) and 

360 invasive (Oreochromis niloticus and Poecilia reticulata) fishes. Native fishes were 

361 susceptible to elevated ash concentrations whereas invasive fishes were resilient to ash 

362 concentrations up to 2500 mg/L (Gonino, Figueiredo, et al., 2019). Most research on the 

363 acute toxic effects of wildfire ash on aquatic taxa point to low-no direct toxicity (Brito et al., 

364 2017; Campos et al., 2012; Silva et al., 2015), but effects are more pronounced following 

365 longer-term exposures or when sublethal disruptions are considered.  

366 Longer term investigations reveal that aquatic taxa can be sensitive to wildfire ash 

367 (Garcia & Carignan, 2005; Ré et al., 2020; Riggs et al., 2017). In a 7-day bioassay, 

368 freshwater clam Corbicula fluminea were resilient to short-term exposures (1 – 3 days) of 

369 wildfire ash extracts (aqueous extract of ashes, AEA) but mortality climbed to above 45% 

370 after 7-days of exposure (Silva et al., 2016). Similarly, in a field-based experiment, Earl and 

371 Blinn (2003) deposited 1,140 L of ash slurry from a medium intensity wildfire into Meadow 

372 Creek (Gila National Forest, New Mexico) over a 1.25 h period. Macroinvertebrate densities 
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373 were measured (before, 24-h after, 1 month after and 1 year after) in ashed and reference 

374 reaches of Meadow creek before and after (24 h, 1-2 month, 1 year) ash was introduced. 

375 Macroinvertebrate density did not differ between reference and ashed-reaches 24 h after ash 

376 was deposited, but was lower 2-months after in the ashed reaches. One year after ashing, 

377 macroinvertebrate density remained lower in ashed than in reference reaches (Earl & Blinn, 

378 2003). Some lifestage or lifehistory traits may also be more sensitive to the impacts of 

379 wildfire ash. For instance, investigation into the effects of ash exposure on embryonic life 

380 stages of fish showed that zebrafish (Danio rerio) experienced developmental delays at ash 

381 concentrations of 75 g/L, but adult survival was unaffected (Oliveira-Filho et al., 2018). 

382 Similarly, the fecundity (number of egg masses per snail and eggs per snail) of the freshwater 

383 snail Biomphalaria glabrata was reduced following as little 2-weeks of exposure to 50 g/L to 

384 wildfire ash extracts (Oliveira-Filho et al., 2018). Stage-specific impacts of ash exposure 

385 have also been assessed in amphibians (McDonald, Grayson, Lin, & Vonesh, 2018; Muñoz, 

386 Felicísimo, & Santos, 2019); survivorship of Cope’s grey treefrog (Hyla chrysoscelis) tadpole 

387 was unaffected following 3-weeks of ash exposure, but exposed tadpoles suffered from 

388 slowed growth and development compared to unexposed individuals (McDonald et al., 2018). 

389 Moreover, adult frogs tend to avoid laying eggs in fire-affected habitats, and egg masses that 

390 are laid contain significantly fewer eggs compared to untreated controls despite an equal 

391 number and quality of adults among treatments (McDonald et al., 2018; Muñoz et al., 2019). 

392 These results indicate that long-term assessments are necessary to gain insight into the lasting 

393 impacts of wildfire ash on aquatic fauna. 

394 Wildfire ash can significantly alter various behaviours of fish (Gonino, Branco, 

395 Benedito, Ferreira, & Santos, 2019). Gonino, Branco, et al. (2019) exposed Iberian barbel 

396 (Luciobarbus bocagei) to control (no ash), low (1.0 g/L), or high (2.0 g/L) concentrations of 

397 wildfire ash for 24 h and then assessed key behavioural traits (activity, boldness, shoal 

398 cohesion). Exposure to wildfire ash was found to significantly disrupt all measured 

399 behaviours; most significantly, fish exposed to high ash loads showed drastic reduction in 

400 activity levels, spending 56% of their time resting compared control (unexposed) fish, which 

401 spent just 31% of their time resting. Wildfire ash also decreased fish boldness and shoal 

402 cohesion, though only at the highest ash concentration. The mechanism/s underlying these 

403 behavioural alterations are unknown but may be linked to the clogging of the gills (Authman, 

404 Zaki, Khallaf, & Abbas, 2015; Kostić et al., 2017), increased metabolic costs (Rowe, 

405 Hopkins, Zehnder, & Congdon, 2001), ash toxicity (Brito et al., 2017; Harper et al., 2019; 
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406 Silva et al., 2015), or caused by some unmeasured factors (e.g., inorganic trace elements; 

407 Gonino, Branco, et al., 2019; Silva et al., 2016). These behavioural alterations are likely to 

408 have fitness consequences as reduced exploratory behaviours would prevent fish from 

409 escaping poor water conditions and decreased shoaling behaviours may increase the risk of 

410 detecting and evading predators (Goldenberg, Borcherding, & Heynen, 2014; Ward, Herbert-

411 Read, Sumpter, & Krause, 2011). Contrarily, some behavioural changes may be adaptive, 

412 namely boldness, preventing fish from adopting risky behaviours and increase their 

413 survivorship in adverse environments (Biro & Dingemanse, 2009).

414 The multifactorial nature of wildfire ash makes it is difficult to establish which 

415 wildfire ash components contribute to direct toxicity. In a comparative study, Harper et al. 

416 (2019) assessed the chemical composition and toxicity of ash generated from wildfires in six 

417 contrasting vegetation types distributed globally (UK grassland, Spanish pine forest, Spanish 

418 heathland, USA chaparral, Australian eucalypt forest and Canadian spruce forest). Significant 

419 differences in chemical composition were found across locations and vegetation types had 

420 pronounced effects on the acute toxicity to Daphnia magna. Ash from the Australian 

421 eucalypt, USA chaparral, and Canadian spruce all caused detectable toxic effects 

422 (immobilisation percentage at 24 h) to D. magna whereas the UK and Spanish ash did not 

423 cause any discernible effects (Harper et al., 2019). Based on principle components analysis, 

424 Harper et al. (2019) concluded that the main characteristics underlying toxicity of the 

425 Australian, USA, and Canadian ashes to be the high pH, nitrate (N ), and high O
―
3

426 conductivity levels, whereas soluble concentrations of metals and PAHs are unlikely to be 

427 linked to acute toxicity. These data indicate that physicochemical composition of the 

428 ash/runoff/river water impacted by wildfire must be done as this depends not only on the type 

429 of burned vegetation but also on the extent and severity of the wildfire. Therefore, wildfire 

430 effects become themselves difficult to predict. The effects of wildfire on aquatic fauna are not 

431 generalisable and need to be evaluated on a case-by-case basis.

432 Turbidity

433 Sediment levels have also been documented to spike following wildfire and periods of heavy 

434 rainfall. Sediment (total suspended sediment TSS, mg/L) and turbidity (NTU) levels rose to 

435 30 mg/L and 3000 NTU, respectively, following periods of high precipitation compared to 4 

436 mg/L and 14 NTU at control sites (Rust, ell, Todd, & Hogue, 2019). The runoff of sediment 

437 following a wildfire often coincide with large-scale fish kill events (Bozek & Young, 1994; 
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438 Lyon & O'Connor, 2008; Rust et al., 2019; Silva et al., 2020). Shortly following a wildfire, 

439 Rust et al. (2019) documented an acute and dramatic fish kill event in the Upper Rio Grande, 

440 Colorado, USA, during rainfall that followed a severe wildfire, which caused turbidity and 

441 sediment levels to spike. Similarly, Lyon and O'Connor (2008) surveyed sections of the 

442 Ovens and Buckland river catchments in south-eastern Australia before, directly after, and 

443 12, 24 and 36 months following high rainfall had deposited fire-related sediment into river 

444 reaches. The immediate impacts of sediment runoff were severe; fish abundances fell by 

445 between 95–100%, primarily due to low aquatic oxygen levels, which plunged to below 0.5 

446 mg/L. Fish abundances were still reduced at impacted sites at 12 months post-sediment 

447 runoff, but signs of recovery were documented at 24 months. Similar mortality events 

448 occurred following Australia's catastrophic 2019-20 megafires and the heavy rainfall that 

449 followed, during which thousands of fish were found dead across various rivers and 

450 tributaries of the Murray-Darling Basin (Silva et al., 2020). Post-fire sediments have also 

451 shown to negatively impact aquatic fauna in laboratory and in-situ bioassays. Sediment 

452 dwelling invertebrates (Chironomus riparius, Atyaephyra desmarestii, and Echinogammarus 

453 meridionalis) suffered from a reduction in feeding activity when exposed to sediment 

454 impacted by wildfire runoff, which is hypothesised to reduce the available energy budget for 

455 detoxification, growth, and reproduction that could potentially trigger trophic and functional 

456 disruption at the ecosystem level (Ré et al., 2021).

457 Nutrients

458 Water concentrations of nutrients (total and dissolved nitrogen and phosphate) can increase 

459 several fold following wildfires and heavy rains (Cooper et al., 2015; Corbin, 2012; Lyon & 

460 O'Connor, 2008; Rust et al., 2019). Most predominantly, nitrate (N ) concentrations can be O
―
3

461 increased by up to 500 – 600% following fires and heavy rains (Cooper et al., 2015). Nutrient 

462 concentrations can also increase in stream water as a result of atmospheric fallout (e.g., 

463 smoke) from fires outside the catchment (Earl & Blinn, 2003; Spencer, Gabel, & Hauer, 

464 2003). The most well documented impact of elevated nutrient concentrations on freshwater 

465 systems is the stimulation of algal growth and altered food web interactions (Cooper et al., 

466 2015; Malison & Baxter, 2010; Rodriguez-Lozano et al., 2015; Spencer et al., 2003). For 

467 instance, isotopic analyses (mainly nitrogen, δ15N; carbon, δ13C; and hydrogen, δD stable 

468 isotope signatures) of fish and macroinvertebrates from fire-affected sites showed a consistent 

469 shift towards algal-derived dietary resources compared to organisms from reference sites 

470 (Cooper et al., 2015; Moreno, Fjeld, & Lydersen, 2016; Silins et al., 2014; Spencer et al., 
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471 2003). Similarly, Carvalho et al. (2019) reported a significant reduction in the activity of 

472 microbial decomposers and invertebrate shredders suggesting that wildfires can have major 

473 impacts on detrital food webs in streams. The implications of this shift in dietary sources are 

474 unclear but changed dietary resources could favour some species and life-stages over others, 

475 which could alter population dynamics of disturbed systems (Silins et al., 2014). Shifts in 

476 dietary composition can also alter fitness related traits of aquatic animals (e.g., capacity for 

477 sustained exercise, growth, investment into reproduction/reproductive traits; Felip, Blasco, 

478 Ibarz, Martin-Perez, & Fernández-Barràs, 2013; Goldstein, D’Alessandro, & Sponaugle, 

479 2017; Olsson et al., 2008), though further work is required to understand how prolonged 

480 dietary shifts impact the physiology and fitness of animals residing in fire-affected freshwater 

481 habitats. Nutrient concentrations typically remain elevated for a few months following a 

482 heavy downpour (Earl & Blinn, 2003; Oliveira-Filho et al., 2018), but nutrient concentrations 

483 can remain elevated for years (5+ years) post wildfire (Silins et al., 2014; Spencer et al., 

484 2003). High levels of nutrients (coupled with elevated light and water temperature levels) can 

485 leave strong legacy effects on freshwater systems. For instance, Koetsier et al. (2007) found 

486 that 10 years post-fire, the diets of rainbow trout were still altered. Stomach contents analyses 

487 revealed that fish residing in streams with a burn history (10 years post burn) consumed a 

488 greater proportion of aquatic invertebrates and inorganic matter than fish inhabiting 

489 reference, unburned streams, which consumed predominantly organic material (Koetsier et 

490 al., 2007). 

491 This review found that few other impacts of elevated nutrient and sediment levels 

492 have been assessed within the context of wildfires. Despite this, it is well documented in the 

493 wider literature that elevated nutrient and sediment concentrations can have toxic effects on 

494 aquatic animals (Earl & Whiteman, 2010; Gomez Isaza, Cramp, & Franklin, 2020a; Na, 

495 Shimei, Erchao, Jiayan, & Liqiao, 2009). For instance, elevated concentrations of nitrate can 

496 impair the aerobic performance of aquatic animals (fish, crustaceans), with severe 

497 performance (Gomez Isaza, Cramp, & Franklin, 2018, 2020b) and fitness consequences 

498 (Soucek & Dickinson, 2016). Elevated levels of phosphate can also be toxic, albeit at extreme 

499 concentrations (96 h LC50 = 3900 mg/L; Na et al., 2009), but can have beneficial growth 

500 impacts at sublethal concentrations (Earl & Whiteman, 2010). Similarly, high levels of 

501 suspended sediment can detrimentally impact aquatic animals by initiating a stress response 

502 (increased corticosteroids, glucose, and haematocrit and reduced leukocrit levels), reducing 

503 feeding and growth, causing physical damage to the gills (erosion of mucus lining, abrasion 
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504 of tissue, sediment binds directly to gill epithelium, increased lamellar thickness, reduced 

505 interlamellar area) that clog the gills, impairing oxygen uptake, and ultimately resulting in 

506 mortality (Kemp, Sear, Collins, Naden, & Jones, 2011; Rosewarne, Svendsen, Mortimer, & 

507 Dunn, 2014; Sutherland & Meyer, 2007). Exposure to elevated levels of nutrients and 

508 sediment can also make aquatic animals more susceptible to other concurrent threats, such as 

509 hypoxia and heat (Gomez Isaza, Cramp, & Franklin, 2020c, 2021; Gorokhova et al., 2010; 

510 Rodgers et al., 2021), and future research requires a holistic investigation into how concurrent 

511 threats impact aquatic fauna.  

512 Polycyclic Aromatic Hydrocarbons and Metals

513 Concentrations of polycyclic aromatic hydrocarbons (PAHs) and metals (mainly Mg2+, Fe, 

514 Cu+) can increase several fold following wildfires and heavy rains (Campos et al., 2012; 

515 Harper et al., 2019; Silva et al., 2016). Many PAHs and metallic substances found in wildfire 

516 ash are recognised as priority contaminants by various legislative bodies (e.g., United States 

517 Environmental Protection Agency, Australian and New Zealand Environment and 

518 Conservation Council (1992), the European Union, article #2455/2001/EC, and the World 

519 Health Organisation) due to their toxic, mutagenic, and carcinogenic properties as well as 

520 their environmental persistence and tendency for bioaccumulation along the food chain (Ali, 

521 Khan, & Ilahi, 2019; ANZECC, 1992; Sun, Zhang, Ma, Chen, & Ju, 2017; WHO, 2003). Yet, 

522 despite these environmental concerns, current research suggests that ash-loaded runoff and 

523 aqueous extracts of wildfire ash pose limited acute toxic effects on aquatic animals 

524 (microcrustaceans: D. dubia and Ceriodaphnia dubia; freshwater snails B. glabrata, and 

525 zebrafish D. rerio) (Brito et al., 2017; Campos et al., 2012; Silva et al., 2015). Few long-term 

526 toxicity datasets exist for wildfire-derived extracts of PAHs and metals (but see Campos et 

527 al., 2012).

528 Although acute exposure to extracts of wildfire runoff do not appear to cause 

529 mortality to aquatic taxa, PAHs and metallic constituents can accumulate in tissues and have 

530 been associated with oxidative and neuronal stress (Nunes et al., 2017; Plomp et al., 2020; 

531 Pradhan et al., 2020). Metals (mainly mercury accumulation has been investigated) and PAHs 

532 can accumulate at high concentrations in specific organs (mostly, the guts, gills, and liver) of 

533 aquatic animals (Bandowe et al., 2014; Garcia & Carignan, 2005; Plomp et al., 2020). Mean 

534 tissue concentrations of copper (Cu) were four-times greater in the freshwater amphipod, 

535 Hyalella azteca, exposed to aqueous extract of ash compared to controls (Plomp et al., 2020). 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

 13652486, 2022, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16088 by U

niversity of Q
ueensland L

ibrary, W
iley O

nline L
ibrary on [05/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



This article is protected by copyright. All rights reserved

536 However, investigation is needed to understand how PAHs and metal accumulation impacts 

537 the function of affected tissues, and whether tissue accumulation impair whole-animal 

538 functioning and performance. Moreover, metals and PAHs can induce oxidative stress by the 

539 accumulation of reactive oxygen species (ROS; Javed, Ahmad, Usmani, & Ahmad, 2017; 

540 Jayawardena, Angunawela, Wickramasinghe, Ratnasooriya, & Udagama, 2017; Santana et 

541 al., 2018) and several oxidative biomarkers (catalase, CAT; glutathione-Stransferases, GSTs; 

542 glutathione reductase, GRed; and total and selenium-dependent glutathione peroxidase, tGPx 

543 and Se-GPx) have been used to reveal such effects. In mosquito fish (Gambusia holbrooki), 

544 exposure to wildfire ash runoff decreased gill GRed and liver Se-GPx activity levels, and 

545 increased gill GSTs activity (Nunes et al., 2017). These observed changes are indicative of an 

546 overproduction of ROS leading to an increase in pro-oxidative conditions. Similarly, 

547 exposure of the stream invertebrate Allogamus ligonifer to post-wildfire runoff and stream 

548 water from a burnt catchment inhibited the activity of cholinesterases (ChEs; Pradhan et al., 

549 2020), which can disrupt neuro-muscular functions that play an essential role in cholinergic 

550 neurotransmission (Gagnaire, Geffard, Xuereb, Margoum, & Garric, 2008; Pradhan, Silva, 

551 Silva, Pascoal, & Cassio, 2016). As such, oxidative and neuronal stress biomarkers may be 

552 used as early-warning signs of wildfire ash toxicity in aquatic species. 

553 Fire suppressants 

554 Fire suppressants are commonly used to control the spread of wildfire or reduce their 

555 intensity (Giménez, Pastor, Zárate, Planas, & Arnaldos, 2004). Fire suppressants are applied 

556 either on the ground or by aerial means and are intended for terrestrial application. However, 

557 fire suppressants can enter aquatic environments during accidental drops or enter through 

558 surface runoff. Fire suppressants can cause significant mortality of aquatic fauna; for 

559 example, a mass fish kill followed the misapplication of fire suppressants in the Fall River 

560 (Oregon, USA; Calfee & Little, 2003). 

561 Fire suppressants are composed of primarily water (~85%), inorganic salts (~10%; 

562 fertilisers, e.g., diammonium phosphates and ammonium polyphosphate salts) and other 

563 additives (colour, thickeners, corrosion inhibitors, and bacteriacides; Giménez et al., 2004). 

564 The primary risk associated with the use of fire-suppressant chemicals to freshwater 

565 organisms is through their adverse effects on water quality (Angeler, Martin, & Moreno, 

566 2005; Boulton, Moss, & Smithyman, 2003; Calfee & Little, 2003). Many fire suppressants 

567 are rich in ammonium salts that, when dissociated to ammonia, can be toxic to aquatic 
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568 animals. Indeed, various acute toxicity tests report significant mortality of aquatic fauna 

569 (Daphnia sp., rainbow trout Oncorhynchus mykiss, and fathead minnow Pimephales 

570 promelas) following the application of fire suppressants (Angeler et al., 2005; Buhl & 

571 Hamilton, 1998, 2000; Calfee & Little, 2003; Dietrich, Myers, Strickand, Van Gaest, & 

572 Arkoosh, 2013; Dietrich et al., 2014; Gaikowski, Hamilton, Buhl, McDonald, & Summers, 

573 1996). For example, the commercial fire-suppressant, Fire-TrolR 934 (composed of 

574 ammonium polyphosphate), has been extensively used worldwide as a fire control agent 

575 despite its toxic effects to aquatic fauna. In a laboratory toxicity test, D. curvirostris were 

576 exposed to sediment treatments treated with Fire-TrolR 934 at concentrations of 0, 1, 3, or 5 

577 L m-2 (Angeler et al., 2005). D. curvirostris suffered reduced emergence success with 

578 increasing application rate, leading to a complete failure with application levels of 3 L m-2. 

579 Treatments above 3 L m-2 also reduced the hatching success of D. curvirostris. Toxicity was 

580 attributed direct toxicity of ammonium salt plus the deterioration of water quality following 

581 application of fire suppressant. At an application rate of 1 L m-2, water pH was increased by 

582 0.5 of a pH unit (control = 8.25, Treatment = 8.86), and by 1.0 pH unit (increased to 9.25) at 

583 an application of 5 L m-2. Similarly, water conductivity was increased at elevated 

584 concentrations of the fire suppressant and dissolved oxygen was significantly reduced (2.11 

585 mg L-1 in control to 0.71 mg L-1 in the 3 L m-2 application treatment). Fire suppressant 

586 toxicity tests have also been conducted across various life-stages of salmonids. Interestingly, 

587 eyed eggs were most tolerant of elevated fire-suppressant exposure compared to swim-up fry 

588 and 60 to 90 d post-hatch salmonids due to the protective egg casing that limits ammonia 

589 uptake (Buhl & Hamilton, 1998, 2000; Gaikowski et al., 1996). Behavioural responses to fire 

590 suppressants have also been quantified in the laboratory. Using a counter-current avoidance 

591 assay, rainbow trout showed almost complete avoidance of the fire-suppressant Fire-Trol 

592 GST-R even at the lowest concentration used (0.65 mg/L; Wells, Little, & Calfee, 2004). A 

593 single study has examined the impact of fire suppressants on free-ranging animals. A field 

594 experiment in Kangaroo Island, Australia, showed that the application of fire-suppressants 

595 altered the water chemistry of affected streams; phosphorus concentrations were elevated, 

596 dissolved oxygen levels were reduced (~65 – 60% saturation), and water turbidity almost 

597 doubled (7 – 8 NUT at impacted sites compared to 4 – 4.5 NTU at reference sites) at sites 

598 where the fire suppressants had been applied (Boulton et al., 2003). However, aerially applied 

599 fire-suppressant had no apparent effects on macroinvertebrate assemblage composition or 

600 taxon richness two weeks after the chemical application or 3-months later after flushing rains. 

601 No information exists on the physiological condition of aquatic animals exposed to fire 
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602 suppressants under laboratory or field settings. Overall, toxicity tests show that fire 

603 suppressants need to be diluted 100 – 1000 times to avoid acute toxic effects (Angeler et al., 

604 2005; Calfee & Little, 2003; Gaikowski et al., 1996) and therefore it is essential that delivery 

605 near freshwaters are avoided. 

606 How can physiological tools help elucidate and mitigate fire-related impacts?

607 The effects of wildfire on aquatic animals are far-reaching (Fig. 1). Wildfire and associated 

608 runoff can completely transform the physicochemical environment of freshwaters, with 

609 profound implications for aquatic animals, ranging from localised declines to mass mortality 

610 events of aquatic animals. Above we detailed the current state-of-knowledge of how aquatic 

611 animals respond to wildfires and associated runoff. However, research efforts have been 

612 biased towards assessing population and community levels responses (Fig. 2b), and little 

613 information is currently available on how wildfires impact the physiology and performance of 

614 aquatic animals. In the face of growing wildfire risk, physiology is perfectly placed to 

615 provide mechanistic insight into the impact of wildfires on aquatic animals (Cooke et al., 

616 2013; Madliger, Franklin, Love, & Cooke, 2020; Madliger, Love, Hultine, & Cooke, 2018; 

617 Seebacher & Franklin, 2012). Physiological tools can provide information on the 

618 physiological status of aquatic animals, determine the timescale of recovery, and provide 

619 robust science advice needed to support management and conservation efforts against 

620 wildfire risks, including determining regulatory guidelines

621 Assessment of physiological status 

622 Measuring species’ responses to wildfire and runoff requires rapid and reliable assessments to 

623 enact management and conservation actions. Quantifying responses to complex ecological 

624 processes, like wildfires, and incorporating them into management frameworks presents 

625 practical challenges, because it is difficult to develop, implement, and maintain appropriate 

626 monitoring efforts (Cooke & O'Connor, 2010; Cooke et al., 2013). Therefore, environmental 

627 and biological data must provide informative indices that can be easily, but frequently 

628 monitored to be effectively incorporated into decision making (Madliger et al., 2018). 

629 Physiological tools can provide a suite of informative indices required to monitor the status of 

630 individuals, populations and their response to wildfire risks. Various physiological tools have 

631 been developed and revised as decision-support tools to provide insight into the physiological 

632 status of animals (Madliger et al., 2020; Madliger et al., 2018). Physiological tools are 

633 particularly useful for the management of wildfire and runoff in freshwaters, because they 
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634 can reveal fitness impacting changes (e.g., changes in energy expenditure, immune function, 

635 reproductive status) that are not immediately obvious from individual (e.g., behaviour), 

636 population, or community level responses (Cooke et al., 2014). For example, stress hormones 

637 have been related to reproductive success in smallmouth bass (Micropterus dolomieu) 

638 (Alegra, Gutowsky, Zolderdo, & Cooke, 2017), differences in cardiovascular physiology 

639 have been linked to thermal tolerance among sockeye salmon populations (Eliason et al., 

640 2011), and the ability of tadpoles to cope with desiccation is associated with basal immune 

641 responses (Gervasi & Foufopoulos, 2008). Physiological indicators can also reveal the 

642 impacts of wildfire and runoff across levels of biological organisation (i.e., whole animal 

643 down to gene level responses; Table 1), providing an in-depth  assessment into the 

644 physiological status of aquatic animals post wildfires, which can be used as indicators for 

645 different management interventions/actions (Cooke et al., 2013; Madliger et al., 2018). 

646 Physiological indicators reveal cause-and-effect relationships that advance our 

647 understanding of the changes caused by wildfires and, therefore, improve our management 

648 and conservation efforts (Cooke et al., 2014; Seebacher & Franklin, 2012). This review found 

649 that basic morphometric measurements of mass and length are the most commonly used tools 

650 to assess physiological-/condition-status of aquatic animals in response to wildfire risk (see 

651 Table S2). Enzyme activity, isotopic analyses, and body condition (e.g., hepatosomatic index) 

652 are other physiological tools used to assess the responses of aquatic animals to wildfire risks 

653 (Table S2). However, the number of studies using physiological tools to assess the responses 

654 of aquatic animals to wildfire risk are currently in the minority (Fig. 2b). Mass and length 

655 estimates are common tools, likely because these measures can be obtained with relative ease 

656 and with minimal training, making them easy to implement (Wuenschel, McElroy, Oliveira, 

657 & McBride, 2018). However, mass and length estimates can easily be complemented with 

658 more detailed assessments of physiological status (Table 1). Many of physiological tools 

659 have been validated  across various taxa and can be perform across various species, life 

660 stages, and even in the field (see Madliger et al., 2020; Madliger et al., 2018). Pros and cons 

661 can be drawn for various biomarkers, and their utility for management and conservation can 

662 depend on the timescale of interest, cost, and the invasiveness of the procedure. Blood 

663 samples, for instance, are relatively easy and cheap to obtain and provide a wealth of 

664 information on an animal’s physiological condition (e.g., blood-chemistry, hormones, 

665 glucose, lactate levels, haemoglobin) – but are limited because they generally reflect a 

666 snapshot of the animal’s condition at the time that it was collected (e.g., Andrewartha, 
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667 Munns, & Edwards, 2016; Cooke et al., 2008; and reviewed in Stoot et al., 2014). Contrarily, 

668 tissue samples (e.g., for measurement of oxidative biomarkers, ‘omics’ approaches, etc.) are 

669 invasive (often resulting in death of the animal) and difficult to obtain but provide a profile of 

670 the changing conditions experienced by the animal over the course of years – decades (Aerts 

671 et al., 2015; Izral, Brua, Culp, & Yates, 2021). The use of both short- and long-term 

672 biomarkers is pertinent to assessing wildfires impacts, as wildfire effects can be short- and 

673 long-lasting and differ across temporal scales (e.g., longevity of thermal regimes, runoff, 

674 persistence of nutrient, PAHs levels) (Leigh et al., 2015). The cause-and-effect understanding 

675 gained from physiological biomarkers can be incorporated into numerical models that explore 

676 organismal-level performance to wildfire and runoff scenarios and support management 

677 decisions (Moyano et al., 2020; Teal, Marras, Peck, & Domenici, 2018).

678 Determine regulatory guidelines and early warning signs

679 Physiological measures can help identify environmental thresholds and early warning signs 

680 that constrain organismal performance. These thresholds can, in a cause-and-effect manner, 

681 be linked to long-term changes in vital rate (e.g., growth, survival, reproduction) of wild 

682 populations and thereby provide robust science advice needed to support management and 

683 conservation efforts (Cooke et al., 2013). In terms of wildfire risk, we know that aquatic 

684 animals can be exposed to cocktails of stressors (Leigh et al., 2015; Rodgers, 2021). Yet not 

685 all levels of each stressor are threatening, nor is it always feasible to manage wildfire runoff 

686 components to very low levels. However, knowledge of physiological responses and 

687 endpoints can be used to delineate regulatory guidelines and inform environmental ‘trigger 

688 points’ that mobilise management actions. These trigger points can be altered based on the 

689 responses of sensitive species (e.g., native versus introduced species), life stages (i.e., stages 

690 that are most threatened by wildfire and runoff components), or during critical periods (e.g., 

691 spawning, migration; Cooke et al., 2012; Gonino, Figueiredo, et al., 2019; Rodgers et al., 

692 2019). For instance, we know that ash extracts of wildfire ash exceeding 50 g L-1 lower the 

693 fecundity of freshwater snails (B. glabrata), but do not affect the development of zebrafish 

694 larvae (Oliveira-Filho et al., 2018). Based on these data, trigger points may be set so that ash 

695 extracts do not exceed 50 g L-1 to conserve the more sensitive species. Similarly, elevations in 

696 water temperature from wildfires might only be threatening if thermal regimes exceed 

697 species’ specific and life stage specific thermal limits, but we must understand the 

698 physiological capabilities of species to set temperature guidelines (Cooke et al., 2012). The 

699 many interacting stressors associated with wildfire and runoff can complicate the setting of 
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700 guidelines and environmental trigger points for conservation and management because 

701 wildfire stressors likely interact in ways that are non-linear (Côté, Darling, & Brown, 2016; 

702 Rodgers & Gomez Isaza, 2021). However, we can systematically assess how the various 

703 wildfire threats interact to impact physiological traits and establish adequate trigger points 

704 based on these interactions. 

705 Determine timescale of recovery 

706 Physiological tools are particularly useful for the assessment of recovery from wildfire and 

707 runoff because physiological responses are typically rapid when compared with changes in 

708 organismal abundance or community structure (Cooke et al., 2014). Physiological biomarkers 

709 therefore offer ‘real-time’ assessments of wildfire impacts on aquatic animals, allowing us to 

710 track recovery dynamics and effectiveness of remediation strategies (Adams & Ham, 2011; 

711 Hook, Gallagher, & Batley, 2014; Johansen & Esbaugh, 2017; McKenzie et al., 2017). For 

712 instance, measures of whole animal performance (e.g., swimming performance, muscle 

713 strength, aerobic scope measurements) that incorporate the workings of many physiological 

714 systems have been used to assess responses to and recovery from environmental stressors in 

715 situ (Cooke et al., 2012; McKenzie et al., 2007; Raby et al., 2015). McKenzie et al. (2007) 

716 found that complex physiological traits of exercise performance and metabolic rate served as 

717 successful biomarkers of sub-lethal toxic effects of exposure to complex mixtures of 

718 pollutants in rivers and provide a mechanistic explanation of presence or absence of fishes in 

719 polluted river reaches. Nutritional and condition indices were also successful in assessing the 

720 recovery of fish populations exposed to point-source discharge of various contaminant, 

721 before and after remedial action (Adams & Ham, 2011). Understanding the mechanistic 

722 processes involved between stressors, the responses of biota, and the recovery dynamics of 

723 aquatic systems to wildfire and runoff will be pivotal to reduce the uncertainty behind 

724 environmental management and regulatory decisions and improve our ability to predict the 

725 consequences of restoration and remedial actions for freshwater ecosystems.

726 Conclusion

727 The growing global risk of wildfires is set to expose aquatic ecosystems and species to a 

728 dynamic set of environmental changes. This review synthesised the state-of-knowledge of the 

729 impacts of wildfire and associated runoff on aquatic species. Wildfire impacts on aquatic 

730 systems are complex, and our understanding of the major impacts of wildfires have focused 

731 on the community and ecosystem level effects on aquatic life. There is a paucity of 
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732 knowledge on how wildfire threats impact aquatic species, how long these effects last, how 

733 the various wildfire impacts interact, and how we can develop guidelines to detect early signs 

734 of wildfire risk. By taking a physiological approach, we will gain a deep, cause-and-effect 

735 understanding of how aquatic animals respond to wildfire threats, which will allow us to 

736 better predict how future wildfire and runoff events are likely to influence aquatic animals. 

737 With the increasing global risk of wildfires, there is an urgent need for fundamental data on 

738 how wildfires shape the persistence of aquatic species, which will enable management and 

739 conservation efforts to better protect species against wildfire and runoff.  
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1230

1231

1232

1233

1234

1235

1236

1237

1238

1239 Figure legends

1240 Figure 1. Concept map of the impacts of fire on aquatic animals. Fire and runoff can have 

1241 immediate impacts (top panel) on aquatic animals. Fire and runoff events can also have short-

1242 , mid- and long-term impacts on aquatic animals (bottom panel). Connections are drawn 

1243 between relevant concepts, though for simplicity not all connections were made.  

1244

1245 Figure 2. Literature summary of the effects of wildfire on aquatic animals. (a) Number of 

1246 studies published per year and cumulative number of studies. We summarised data in terms 

1247 of (b) field of research, (c) duration of study, (d) number of in situ versus laboratory studies, 

1248 and (e) taxonomic group examined. 

1249

1250 Figure 3. Thematic map of the most frequently used keywords appearing in selected papers. 

1251 Map was generated using the bibliometrix package (Aria and Cuccurullo, 2017) in RStudio. 

1252

1253 Figure 4. Unburnt (a) and burnt (b) streams within the Los Alerces National Park (Patagonia, 

1254 Argentina). Image credit: Emilio A. Williams-Subiza.
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1265 Table 1. Main wildfire impacts on aquatic animals and examples of physiological tools that may aid conservation efforts. 

Threats/challenges 

post wildfire

Physiological tool Contribution to conservation

Increased light/UV

 Physiological status (e.g., metabolic 

physiology, exercise physiology, 

behaviour, immune function)

 Vital rates (growth, reproduction, 

survival)

 Determine extent of UV damage/impairment on physiological status 

 Determine impacts of light and UV on vital rates- pivotal for population 

persistence 

Increased temperature

 Thermal tolerance (CTMAX)

 Thermal performance curves (e.g., 

locomotor performance)

 Cardiovascular physiology (e.g., 

aerobic scope, heart rate, blood 

chemistry)

 Life-history traits (e.g., time to 

maturity, size at maturity, fecundity

 Biologging 

 Delineate thermal limits across life-stages/populations/species for regulatory 

guidelines 

 Examine how various wildfire ash components and indirect effects (e.g., low 

oxygen levels) alter thermal limits

 Impact of altered thermal regimes on bioenergetic costs and life-history traits 

(timing of maturity, size at reproduction, etc.)

 Impact of altered thermal regimes on physiological status and performances

 Examination of thermal plasticity (reversible, developmental, and 

transgenerational)

 Biologging to allow long-term monitoring of species performance and 

physiological status under field conditions
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Post-fire ash runoff 

(nutrients, PAHs, 

metals etc.)

 Pollutant accumulation in various 

tissues

 Histopathology damage

 Body condition indices (e.g., liver, 

spleen)

 Physiological status 

 Stable isotopes (dietary changes)

 Transcriptome profiling

 Dynamic energy budget (DEB) 

models

 Determining regulatory guidelines for chemicals and chemical combinations

 Identify detoxification cost through body condition estimates

 Identify causal mechanism/s behind population decline 

 Determining extent and timescale to recovery from wildfire ash exposure

 Stable isotope can reveal changes in diet/trophic structure and the timescale to 

recovery of altered systems

 Gene transcription can link stressor-specific molecular initiating events and 

emergent physiological responses that alter fitness

 Illuminate molecular mechanisms that propagate stressor exposure to states of 

distress (Trego et al., 2021)

 DEB models link physiology with impacts on fitness and population resilience
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