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Salamanders 
Climate Change Vulnerability Assessment for the Santa Cruz Mountains Climate Adaptation Project 

This document represents an initial evaluation of mid-century climate change vulnerability for 
salamanders in the Santa Cruz Mountains region based on expert input during an October 2019 
vulnerability assessment workshop as well as information in the scientific literature. 

 

Species Group Description 

Salamanders within the Santa Cruz Mountains region include species such as the California slender 
salamander (Batrachoseps attenuatus), ensatina (Ensatina eschscholtzii), arboreal salamander (Aneides 
lugubris), black salamander (A. flavipunctatus), California newt (Taricha torosa), rough-skinned newt 
(T. granulosa), red-bellied newt (T. rivularis), California giant salamander (Dicamptodon ensatus), 
California tiger salamander (Ambystoma californiense), and Santa Cruz black salamander (A. 
flavipunctatus niger). They occur within a variety of terrestrial and aquatic habitats, and range from 
widespread, locally abundant species (e.g., California slender salamander) to extreme habitat 
specialists that inhabit very restricted ranges1,2.  

 

Vulnerability Ranking 
             

Salamanders are sensitive to climate stressors and disturbances such as warmer air and water 
temperatures, changes in precipitation, increased drought, altered wildfire regimes, and disease. These 
changes impact salamanders directly by increasing physiological stress and mortality rates and 
indirectly by altering habitat availability and quality. Salamanders are particularly sensitive to factors 
that result in the loss of cool, moist microclimates within terrestrial habitats as well as those that alter 
stream and pond hydroperiods. Non-climate stressors (e.g., development, roads/highways, timber 
harvest, invasive species) further exacerbate salamander sensitivity to changes in climate factors and 
disturbance regimes by contributing to habitat loss and fragmentation. Additionally, salamanders are 
highly sensitive to contaminants, which can cause physiological impacts and mortality as well as 
reductions in prey availability. 

Salamander distributions in the Santa Cruz Mountains region vary, as some species are widely but 
patchily distributed and others are found only in very restricted locations. Species with limited ranges 
and/or isolated populations are particularly vulnerable to habitat fragmentation/loss and 
environmental changes that increase the risk of desiccation. Small, isolated populations also generally 
have lower genetic diversity than more widespread species. However, salamanders display some 
behavioral plasticity in that they are able to exploit microhabitats that may offer thermal and/or 
hydrological refugia from climate change. Within the Santa Cruz Mountains region, several salamander 
species receive regulatory protection through state- or federal-listings. Management strategies 
designed to increase the resilience of salamanders to climate change are likely to focus on maintaining 
or increasing the availability of cool, moist forest microsites and restoring connectivity between habitat 
patches, as well as reducing the impacts of non-climate stressors.  
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Sensitivity and Exposure 
             

Sensitivity is a measure of whether and how a species is likely to be affected by a given change in 
climate and climate-driven factors, changes in disturbance regimes, and non-climate stressors. 
Exposure is a measure of how much change in these factors a species is likely to experience. 

Sensitivity and future exposure to climate and climate-driven factors         
Salamanders are sensitive to climate stressors that alter cool, moist microclimates within terrestrial 
habitat and water levels/hydroperiods within aquatic habitat, as well as those that increase 
physiological stress and mortality rates. 
 

Climate Stressor Trend Direction Projected Future Changes 

Precipitation ▲▼ 
• Shorter winters and longer, drier summers likely, with higher 

interannual variability3,4 

Drought ▲ 
• Increased frequency of drought years, including periods of 

prolonged and/or severe drought3,5 

Air temperature ▲ • 1.5–3.1°C (2.7–5.6°F) increase in annual mean temperature6,7 

Water temperature ▲ 
• 1.1–2.0°C (2.0–3.6°F) increase in mean summer stream 

temperature by the 2090s8 
 

• Changes in precipitation patterns (e.g., amount and timing) and increased drought are likely 
to impact salamanders directly by increasing physiological stress and mortality rates, and 
indirectly by affecting habitat quality in both terrestrial and aquatic systems2,9–12. Most lungless 
terrestrial salamanders (e.g., slender salamander, ensatina) must maintain moist skin that 
facilitates gas exchange, so they utilize moist forest microsites such as decaying logs when not 
actively foraging1. Periods of low precipitation and/or drought force terrestrial salamanders to 
spend more time underground or within moist microsites in order to avoid desiccation, limiting 
opportunities for foraging and courtship activity11,12. Loss of canopy cover and changes in 
vegetation as a result of drought can also alter microclimatic factors (e.g., light, temperature, 
moisture) as well as the accumulation, quality, and decomposition of leaf litter that 
salamanders depend on to retain soil moisture and provide cover from predators1.  

Semi-aquatic salamanders are vulnerable to drier overall conditions associated with reduced 
streamflow and wetland/pond water level and hydroperiod9,13,14. Severe drought may cause 
streams and wetlands to become ephemeral/intermittent or dry completely, with the greatest 
impacts on breeding salamanders and larval stages9,12,13.  

• Warmer air and water temperatures are likely to affect salamanders directly through increased 
physiological stress, reduced reproductive success, and altered larval development as well as 
indirectly through decreased food availability2,12. Reduced levels of dissolved oxygen in aquatic 
habitats, which are associated with warmer water temperatures, may also delay development 
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and/or hatching of salamanders, or could cause premature hatching12. Increased water 
temperatures are likely to affect the availability of spring macroinvertebrates, an important 
salamander food source15. 

Sensitivity and future exposure to climate-driven changes in disturbance regimes         
Salamanders are sensitive to changes in disturbance regimes that directly impact survival as well as 
those that reduce habitat availability and quality.  
 

Disturbance Regimes Trend Direction Projected Future Changes 

Disease ▲ 
• Increased disease risk16,17 and expansion of the projected 

climate niche for Bd in northern temperate ecosystems18 

Wildfire ▲ 
• Slight to moderate increase in wildfire risk, particularly in 

areas of higher rainfall6,7 
 

• Like other amphibians, salamanders in California are affected by the introduced disease 
chytridiomycosis (caused by the chytrid fungus Batrachochytrium dendrobatidis; Bd)17,19, which 
originated in Asia and has spread globally20. A newly described chytrid species (B. 
salamandrivorans; Bsal) from Asia also appears to cause disease in some salamander species, 
warranting additional concern in California21–25. Batrachochytrium pathogens can cause effects 
ranging from disease tolerance to death of infected salamanders depending on factors such as 
host susceptibility, fungal virulence, and environmental conditions26. Aquatic species are 
particularly vulnerable to infection because fungal zoospores are transmitted readily in water 
but become desiccated rapidly on land27. Terrestrial species with a higher degree of sociality 
also appear to be more vulnerable due to increased disease transmission17. As air temperatures 
continue to rise, research suggests that salamander species adapted to cooler environments 
are likely to become increasingly vulnerable to the disease28, likely because environmental 
stressors compromise the immune system29. Altered precipitation patterns are also likely to 
impact patterns of fungal reproduction and transmission19. 

• Altered wildfire regimes (e.g., changes in the size or frequency of high-intensity fires) may 
increase salamander mortality due to the direct impacts of fire and post-fire events (e.g., 
flooding, landslides, debris flows) within both terrestrial and aquatic habitats30. Indirectly, these 
factors also affect salamanders by altering habitat structure and function, though the degree of 
impact varies across habitats and spatial scales30. For instance, fires can eliminate or alter cover 
through burning of understory vegetation and woody debris or deposit ash and sediment in 
aquatic substrates30. At larger scales, fires may increase solar radiation and water 
temperatures, alter forest microclimates and hydroperiods in aquatic habitat, and impact 
aquatic food webs30. Post-fire debris flows may also reduce breeding habitat by filling pools and 
stream channels with sediment and debris30. In general, species with a limited distribution, 
dependence on restricted microclimate associations, and limited capacity for recolonization are 
likely to be most affected by altered wildfire regimes30,31.  

Dependency on habitat and/or other species         
Salamanders are dependent on a variety of habitats and microhabitat conditions for survival and 
reproduction1,2. Terrestrial species, in particular, require cool, moist microhabitats (e.g., deep leaf 
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litter, downed logs, rock crevices) for cover, foraging, and to prevent desiccation1,12. All species are 
dependent on habitats that provide abundant macroinvertebrates as prey, though some salamanders 
also prey on small mammals2,32. 

Sensitivity and current exposure to non-climate stressors         
Non-climate stressors can exacerbate species group sensitivity to changes in climate factors and 
disturbance regimes by increasing salamander mortality and/or contributing to the loss or 
fragmentation of aquatic and terrestrial habitats. 

• Land-use conversion to residential/commercial development results in habitat loss for 
salamanders following reductions in forest canopy cover and elimination or degradation of 
aquatic habitats12. Development also limits salamander movement and dispersal, reducing 
population connectivity and juvenile survival33. 

• Roads and highways increase habitat fragmentation and represent a significant source of direct 
mortality for salamanders, particularly when they are moving between aquatic and terrestrial 
habitats34.  

• Because of their permeable skin, salamanders are highly sensitive to contaminants such as 
pesticides35, herbicides36, and chemical applications commonly used for fire suppression31 or 
road maintenance37. Pollutants enter salamander habitats through both overland and aquatic 
pathways, affecting salamanders directly by disrupting embryo development, increasing motor 
activity, and enhancing susceptibility to other stressors (e.g., disease)35,36. Pesticides may also 
affect salamanders indirectly by reducing invertebrate prey availability35.  

• Historical timber harvest practices (e.g., clearcutting, plantation forestry) have had significant 
adverse impacts on salamander survival and population connectivity1,2,33,38,39. Practices such as 
historical clear-cutting killed salamanders by crushing them with heavy equipment; they also 
eliminated shading and leaf litter, increased soil surface temperature, and reduced litter 
moisture38,40,41. In riparian areas, the loss of the tree canopy after clear-cutting increases water 
temperatures, potentially reducing habitat for cold-adapted salamanders2. 

• Aquatic-breeding salamanders are negatively impacted by invasive species such as non-native 
fish and American bullfrogs (Lithobates catesbeianus), which increase egg and larval predation 
rates and/or compete with salamanders for resources42–44. American bullfrogs can also be a 
vector for the fungal pathogen Bd17,45. 

 

Adaptive Capacity 
         

Adaptive capacity is the ability of a species to accommodate or cope with climate change impacts with 
minimal disruption. 

Species extent, integrity, connectivity, and dispersal ability         
Some salamander species are widely but patchily spread across the landscape, while others are 
restricted to very small ranges1,2. Many species found within the region have experienced severe 
population declines and extirpation from large portions of their range, primarily due to habitat loss and 
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fragmentation2,12. Climate change and disease are expected to drive further population declines and 
range losses of salamanders within California as well as globally2,46. 

Salamanders are unable to migrate long distances, and most species do not disperse any appreciable 
distance across non-forested habitat33,47. Thus, salamander movement and dispersal is affected by 
geologic barriers (e.g., topography), forest clear-cuts, land-use conversion to residential/commercial 
development or agriculture, and high-intensity wildfires, and they have little ability to recolonize areas 
from which they have previously been extirpated2,47.  

Intraspecific/life history diversity         
Across the species group, salamanders demonstrate some behavioral/phenotypic plasticity and 
diversity in life history strategies, which likely evolved as adaptations to the wide range of habitats and 
climates they occupy1,2,48. For instance, salamanders are able to move between habitat niches in 
response to local environmental stressors, providing them with some ability to mitigate the impacts of 
increasing stressors or disturbances11,48. Lungless terrestrial salamanders can also delay egg-laying by 
several months in response to unfavorable environmental conditions1. Over the longer-term, 
salamanders may adjust to warmer temperatures or shorter active seasons by decreasing body size, 
either through plasticity in growth response or changes in physiological response (i.e., energy 
allocation)11,49. Some changes in terrestrial salamander body size have already been observed over the 
past several decades49. 

Salamander genetic diversity varies2,47, and can be extremely high for some species complexes (e.g., 
black salamanders)50. Habitat elevation and topography strongly influence genetic diversity within 
species by limiting dispersal across high ridges and other barriers, resulting in high rates of genetic 
differentiation among some species47,51. However, lack of habitat connectivity also results in very low 
genetic diversity in small, isolated populations1,47, increasing their vulnerability to stressors and 
disturbances in a changing climate47.  

Resistance and recovery         
Adaptations to habitat variability and environmental changes may increase resistance to climate 
change and disturbances among some salamander species and/or in certain life stages1,2,31. For 
example, species with biphasic life cycles may be somewhat insulated from significant losses following 
wildfire in one habitat type (i.e., aquatic larvae may die but terrestrial adults survive)30. Salamanders 
are also known to retreat underground or into cool aquatic refugia to avoid the impacts of high 
temperatures or short-term drought11,52,53. However, the limited ability of salamanders to disperse 
overland to new habitats reduces their ability to recover from disturbances that are likely to increase 
with climate change, including high-intensity wildfire and habitat drying from increased air 
temperatures and hydrological changes1,2. Species with small and/or isolated populations and narrow 
ranges are particularly at risk of declines or even extirpation following severe environmental stress or 
extreme disturbances2,30,31. 

Management potential         
Despite their widespread distribution, salamanders are one of the least understood North American 
vertebrates1. However, several species found within the Santa Cruz Mountains region receive 
regulatory support through federal- or state-listing as threatened or endangered species, including the 
California tiger salamander54. 
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The scientific literature suggests multiple approaches that may increase the resilience of salamanders 
to climate stressors and disturbances, often focused on reducing habitat degradation and loss 
associated with non-climate stressors14. The protection of habitat within mature forests is also critical, 
including riparian zones that serve as dispersal corridors and may act as climate refugia38,55–58. Other 
salamander habitats that should be prioritized for protection include ponds, seeps/springs, and 
headwater stream reaches1. Within terrestrial habitats, managers may consider leaving downed wood 
on the forest floor and preserving canopy cover to prevent soil drying and the alteration of understory 
vegetation14,59–61. Timber harvest practices can be improved by utilizing partial harvest techniques and 
long-term rotation cycles38. Other strategies that could minimize stress include minimizing disease 
spread by limiting pathogen introduction and promoting early detection through surveillance of high-
risk areas25. 

 

Recommended Citation 

EcoAdapt. 2021. Salamanders: Climate Change Vulnerability Assessment Summary for the Santa Cruz 
Mountains Climate Adaptation Project. Version 1.0. EcoAdapt, Bainbridge Island, WA. 

Further information on the Santa Cruz Mountains Climate Adaptation Project is available on the project 
page (http://ecoadapt.org/programs/awareness-to-action/santa-cruz-mountains). 

 

Literature Cited 

1. Petranka, J. W. Salamanders of the United States and Canada. (Smithsonian Institution Press, 1998). 
2. Thomson, R. C., Wright, A. N. & Shaffer, H. B. California amphibian and reptile species of special concern. (University of 

California Press, 2016). 
3. Pierce, D. W., Kalansky, J. F. & Cayan, D. R. Climate, drought, and sea level rise scenarios for the Fourth California 

Climate Assessment. (2018). 
4. Swain, D. L., Langenbrunner, B., Neelin, J. D. & Hall, A. Increasing precipitation volatility in twenty-first-century 

California. Nature Climate Change 8, 427 (2018). 
5. Cook, B. I., Ault, T. R. & Smerdon, J. E. Unprecedented 21st century drought risk in the American Southwest and Central 

Plains. Science Advances 1, e1400082 (2015). 
6. Flint, L. E. & Flint, A. L. California Basin Characterization Model: a dataset of historical and future hydrologic response to 

climate change (Ver. 1.1, May 2017). https://doi.org/10.5066/F76T0JPB (2014). 
7. Flint, L. E., Flint, A. L., Thorne, J. H. & Boynton, R. Fine-scale hydrologic modeling for regional landscape applications: 

the California Basin Characterization Model development and performance. Ecological Processes 2, 25 (2013). 
8. Hill, R. A., Hawkins, C. P. & Jin, J. Predicting thermal vulnerability of stream and river ecosystems to climate change. 

Climatic Change 125, 399–412 (2014). 
9. McMenamin, S. K., Hadly, E. A. & Wright, C. K. Climatic change and wetland desiccation cause amphibian decline in 

Yellowstone National Park. Proceedings of the National Academy of Sciences 105, 16988–16993 (2008). 
10. Price, S. J., Browne, R. A. & Dorcas, M. E. Resistance and resilience of a stream salamander to supraseasonal drought. 

Herpetologica 68, 312–323 (2012). 
11. Grant, E. H. C. Characterizing local and range wide variation in demography and adaptive capacity of a forest indicator 

species. (2018). 
12. Blaustein, A. R. et al. Direct and indirect effects of climate change on amphibian populations. Diversity 2, 281–313 

(2010). 
13. Walls, S. C., Barichivich, W. J. & Brown, M. E. Drought, deluge and declines: the impact of precipitation extremes on 

amphibians in a changing climate. Biology 2, 399–418 (2013). 
14. Shoo, L. P. et al. Engineering a future for amphibians under climate change. Journal of Applied Ecology 48, 487–492 

(2011). 

http://ecoadapt.org/programs/awareness-to-action/santa-cruz-mountains


 

 
 Climate change vulnerability assessment for the Santa Cruz Mountains Climate Adaptation Project 

Copyright EcoAdapt 2021 
7 

15. Durance, I. & Ormerod, S. J. Climate change effects on upland stream macroinvertebrates over a 25-year period. Global 
Change Biology 13, 942–957 (2007). 

16. Pounds, J. A. et al. Widespread amphibian extinctions from epidemic disease driven by global warming. Nature 439, 
161 (2006). 

17. Sette, C. M., Vredenburg, V. T. & Zink, A. G. Reconstructing historical and contemporary disease dynamics: a case study 
using the California slender salamander. Biological Conservation 192, 20–29 (2015). 

18. Xie, G. Y., Olson, D. H. & Blaustein, A. R. Projecting the global distribution of the emerging amphibian fungal pathogen, 
Batrachochytrium dendrobatidis, based on IPCC climate futures. PLoS ONE 11, e0160746 (2016). 

19. Weinstein, S. B. An aquatic disease on a terrestrial salamander: individual and population level effects of the 
amphibian chytrid fungus, Batrachochytrium dendrobatidis, on Batrachoseps attenuatus (Plethodontidae). Copeia 
2009, 653–660 (2009). 

20. O’Hanlon, S. J. et al. Recent Asian origin of chytrid fungi causing global amphibian declines. Science 360, 621–627 
(2018). 

21. North American Bsal Task Force. A North American strategic plan to control invasions of the lethal salamander 
pathogen Batrachochytrium salamandrivorans. http://www.salamanderfungus.org/wp-content/uploads/2019/03/Bsal-
Strategic-Plan-Final.pdf (2019). 

22. Martel, A. et al. Batrachochytrium salamandrivorans sp. nov. causes lethal chytridiomycosis in amphibians. Proceedings 
of the National Academy of Sciences 110, 15325–15329 (2013). 

23. Martel, A. et al. Recent introduction of a chytrid fungus endangers Western Palearctic salamanders. Science 346, 630–
631 (2014). 

24. Yap, T. A., Koo, M. S., Ambrose, R. F., Wake, D. B. & Vredenburg, V. T. Averting a North American biodiversity crisis. 
Science 349, 481–482 (2015). 

25. Richgels, K. L., Russell, R. E. & Adams, M. J. Spatial variation in risk and consequence of Batrachochytrium 
salamandrivorans introduction in the USA. Royal Society Open Science 3, (2016). 

26. Van Rooij, P., Martel, A., Haesebrouck, F. & Pasmans, F. Amphibian chytridiomycosis: a review with focus on fungus-
host interactions. Veterinary Research 46, 137 (2015). 

27. Piotrowski, J. S., Annis, S. L. & Longcore, J. E. Physiology of Batrachochytrium dendrobatidis, a chytrid pathogen of 
amphibians. Mycologia 96, 9–15 (2004). 

28. Cohen, J. M., Civitello, D. J., Venesky, M. D., McMahon, T. A. & Rohr, J. R. An interaction between climate change and 
infectious disease drove widespread amphibian declines. Global Change Biology 25, 927–937 (2019). 

29. Rollins-Smith, L. A. Amphibian immunity–stress, disease, and climate change. Developmental & Comparative 
Immunology 66, 111–119 (2017). 

30. Hossack, B. R. & Pilliod, D. S. Amphibian responses to wildfire in the western United States: emerging patterns from 
short-term studies. Fire Ecology 7, 129–144 (2011). 

31. Pilliod, D. S., Bury, R. B., Hyde, E. J., Pearl, C. A. & Corn, P. S. Fire and amphibians in North America. Forest Ecology and 
Management 178, 163–181 (2003). 

32. Bury, R. B. Wildfire, fuel reduction, and herpetofaunas across diverse landscape mosaics in northwestern forests. 
Conservation Biology 18, 968–975 (2004). 

33. Cushman, S. A. Effects of habitat loss and fragmentation on amphibians: a review and prospectus. Biological 
Conservation 128, 231–240 (2006). 

34. Brehme, C. S., Hathaway, S. A. & Fisher, R. N. An objective road risk assessment method for multiple species: ranking 
166 reptiles and amphibians in California. Landscape Ecol 33, 911–935 (2018). 

35. Ryan, M. E. et al. Lethal effects of water quality on threatened California salamanders but not on co-occurring hybrid 
salamanders. Conservation Biology 27, 95–102 (2013). 

36. Rohr, J. R. & Palmer, B. D. Aquatic herbicide exposure increases salamander desiccation risk eight months later in a 
terrestrial environment. Environmental Toxicology and Chemistry 24, 1253–1258 (2005). 

37. Karraker, N. E. & Gibbs, J. P. Road deicing salt irreversibly disrupts osmoregulation of salamander egg clutches. 
Environmental Pollution 159, 833–835 (2011). 

38. DeMaynadier, P. G. & Hunter, M. L., Jr. The relationship between forest management and amphibian ecology: a review 
of the North American literature. Environmental Reviews 3, 230–261 (1995). 

39. Semlitsch, R. D. et al. Effects of timber harvest on amphibian populations: understanding mechanisms from forest 
experiments. BioScience 59, 853–862 (2009). 



 

 
 Climate change vulnerability assessment for the Santa Cruz Mountains Climate Adaptation Project 

Copyright EcoAdapt 2021 
8 

40. Welsh, H. H. & Droege, S. A case for using plethodontid salamanders for monitoring biodiversity and ecosystem 
integrity of North American forests. Conservation Biology 15, 558–569 (2001). 

41. Welsh, H. H. & Hodgson, G. R. Amphibians as metrics of critical biological thresholds in forested headwater streams of 
the Pacific Northwest, USA. Freshwater Biology 53, 1470–1488 (2008). 

42. Welsh, H. H., Pope, K. L. & Boiano, D. Sub-alpine amphibian distributions related to species palatability to non-native 
salmonids in the Klamath mountains of northern California. Diversity and Distributions 12, 298–309 (2006). 

43. Fuller, T. E. The spatial ecology of the exotic bullfrog (Rana catesbeiana) and its relationship to the distribution of the 
native herpetofauna in a managed river system. (Humboldt State University, 2008). 

44. Elliott, L., Gerhardt, C. & Davidson, C. The frogs and toads of North America: a comprehensive guide to their 
identification, behavior, and calls. (Houghton Mifflin Harcourt, 2009). 

45. Huss, M., Huntley, L., Vredenburg, V., Johns, J. & Green, S. Prevalence of Batrachochytrium dendrobatidis in 120 
archived specimens of Lithobates catesbeianus (American bullfrog) collected in California, 1924–2007. EcoHealth 10, 
339–343 (2013). 

46. Hof, C., Araújo, M. B., Jetz, W. & Rahbek, C. Additive threats from pathogens, climate and land-use change for global 
amphibian diversity. Nature 480, 516–519 (2011). 

47. Giordano, A. R., Ridenhour, B. J. & Storfer, A. The influence of altitude and topography on genetic structure in the long-
toed salamander (Ambystoma macrodactulym). Molecular Ecology 16, 1625–1637 (2007). 

48. Welsh, H. H. Relictual amphibians and old-growth forests. Conservation Biology 4, 309–319 (1990). 
49. Caruso, N. M., Sears, M. W., Adams, D. C. & Lips, K. R. Widespread rapid reductions in body size of adult salamanders in 

response to climate change. Global Change Biology 20, 1751–1759 (2014). 
50. Reilly, S. B., Marks, S. B. & Jennings, W. B. Defining evolutionary boundaries across parapatric ecomorphs of black 

salamanders (Aneides flavipunctatus) with conservation implications. Molecular Ecology 21, 5745–5761 (2012). 
51. Reilly, S. B., Mulks, M. F., Reilly, J. M., Jennings, W. B. & Wake, D. B. Genetic diversity of black salamanders (Aneides 

flavipunctatus) across watersheds in the Klamath Mountains. Diversity 5, 657–679 (2013). 
52. Lake, P. S. Ecological effects of perturbation by drought in flowing waters. Freshwater Biology 48, 1161–1172 (2003). 
53. Humphries, P. & Baldwin, D. S. Drought and aquatic ecosystems: An introduction. Freshwater Biology 48, 1141–1146 

(2003). 
54. CDFW. State and federally listed Endangered and Threatened animals in California: April 23, 2019. 

http://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=109405&inline (2019). 
55. Semlitsch, R. D. & Bodie, J. R. Biological criteria for buffer zones around wetlands and riparian habitats for amphibians 

and reptiles. Conservation Biology 17, 1219–1228 (2003). 
56. Olson, D. H. The science of 50-foot riparian buffers in headwaters. Western Forester 60, 10–11 (2015). 
57. Olson, D. H. & Kluber, M. R. Plethodontid salamander distributions in managed forest headwaters in western Oregon. 

Herpetological Conservation and Biology 9, 76–96 (2014). 
58. Rundio, D. E. & Olson, D. H. Influence of headwater site conditions and riparian buffers on terrestrial salamander 

response to forest thinning. for sci 53, 320–330 (2007). 
59. Welsh, H. H. & Lind, A. J. The structure of the herpetofaunal assemblage in the Douglas-fir/hardwood forests of 

northwestern California and southwestern Oregon. in Wildlife and vegetation of unmanaged Douglas-fir forests. Gen. 
Tech. Rep. PNW-GTR-285 (eds. Ruggiero, L. F., Aubry, K. B., Carey, A. B. & Huff, M. H.) 395–413 (U.S. Department of 
Agriculture, Forest Service, Pacific Northwest Research Station, 1991). 

60. Olson, D. H. & Burnett, K. M. Design and management of linkage areas across headwater drainages to conserve 
biodiversity in forest ecosystems. Forest Ecology and Management 258, S117–S126 (2009). 

61. Olson, D. H. & Burnett, K. M. Geometry of forest landscape connectivity: pathways for persistence. in Density 
management in the 21st century: west side story. Gen. Tech. Rep. PNW–GTR–880 (eds. Anderson, P. D. & Ronnenberg, 
K. L.) 220–238 (U.S. Department of Agriculture, Forest Service, Pacific Northwest Research Station, 2013). 

 


