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V. Implications for Ecological Processes and 

Ecosystem Services 

Biodiversity, ecosystems, and ecosystem services are already under stress from a variety of sources (for 

example, land use and land cover change, extraction of natural resources, biological disturbances, and 

pollution); in most cases, these interacting stressors have had a greater effect on the overall health of these 

systems than climate change.
998

 Forests, for example, provide critical refuges for terrestrial biodiversity, 

are a central component of the earth’s biogeochemical systems, and are a source of ecosystem services 

essential for human wellbeing.
999

 In turn, the terrestrial biosphere affects the climate through a variety of 

biophysical, biogeochemical, and biogeographical pathways that act over a range of spatial and temporal 

scales.
1000

 Forest processes regulate the flux and apportionment of carbon, water, nutrients, and other 

constituents within a forest ecosystem.
1001

 These processes operate at spatial scales from leaf to landscape 

and control responses of forest ecosystems, such as forest productivity, to environmental factors such as 

temperature, precipitation, and atmospheric concentrations of CO2.
1002

 Interactions between processes can 

amplify or mute the overall effects of changes in complex forest ecosystems.
1003

 The predominance of 

negative and positive feedbacks within and between processes will determine the stability or instability of 

the system.
1004

 

Climate change effects are projected to be an increasingly important source of stress in the future.
1005

 

Ecosystems that are already being affected by other stressors are likely to have faster and more acute 

reactions to climate change.
1006

 Based on a search of peer-reviewed studies, government reports, and 

publications from non-governmental organizations, the following implications of climate change for 

terrestrial ecosystems in the NPLCC region have been identified: 

1. Altered nutrient cycling and productivity 

2. Altered soil attributes 

The following structure will be used to present information on the implications of climate change for the 

NPLCC region’s terrestrial ecosystems: 

 Observed Trends – observed changes for southcentral and southeast Alaska, western British 

Columbia, Pacific Northwest, and northwest California. For context, summary information on 

observed changes globally or for western North America is also provided. 

                                                      
998

 Verbatim from Staudt et al. (2012, p. 5-1). Impacts of climate change on already stressed biodiversity, 

ecosystems, and ecosystem services. 
999

 Verbatim from Sturrock et al. (2011, p. 133). Climate change and forest diseases. Sturrock et al. cite Shvidenko 

et al. (2005) for this information. 
1000

 Nearly verbatim from Arora & Boer (2005, p. 39). A parameterization of leaf phenology for the terrestrial 

ecosystem component of climate models. 
1001

 Verbatim from Joyce et al. (2001, p. 494) 
1002

 Verbatim from Joyce et al. (2001, p. 494) 
1003

 Verbatim from Ryan et al. (2012, p. 36) 
1004

 Verbatim from Ryan et al. (2012, p. 36) 
1005

 Nearly verbatim from Staudt et al. (2012, p. 5-1) 
1006

 Verbatim from Staudt et al. (2012, p. 5-1) 
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 Future Projections – projected direction and/or magnitude of change for southcentral and 

southeast Alaska, western British Columbia, Pacific Northwest, and northwest California. For 

context, summary information on future projections globally or for western North America is also 

provided.  

 Information Gaps – information and research needs identified by literature searches, as well as 

our summary of the sections missing information in this chapter. 
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1. Altered nutrient cycling & productivity 

Carbon storage in forest ecosystems results from the 

balance between growth of wood, foliage, and roots and 

their death or shedding and subsequent 

decomposition.
1007

 Disturbance is the largest factor 

changing the balance between production and 

decomposition, but chronic changes in temperature, 

precipitation, CO2, and nitrogen deposition over large 

areas can also alter the U.S. forest carbon balance.
1008

 

Carbon dioxide enrichment of the atmosphere will likely 

have direct and indirect effects on ecosystems processes 

and species distributions.
1009

 At the ecosystem scale, 

introduced species as well as outbreaks of native insects 

and diseases can alter natural cycles and disturbance 

regimes, such as nutrient cycles, and fire frequency and 

intensity.
1010

 Climate change-induced perturbations in 

forest distribution, growth rates, and risk of wildfire, 

invasive species, and disease are impacting the rates of 

carbon sequestration and expectations for length of 

storage.
1011

 

Several factors could contribute to increased ecosystem 

productivity.
1012

 If moisture is adequate, plants grow 

faster at warmer temperatures and with elevated levels 

of atmospheric CO2 – but only up to a point.
1013

 For 

example, tree species have temperature optima above 

which growth rates level off or decline.
1014

 Available 

nitrogen can become a limiting factor in a CO2-enriched 

environment.
1015

 Because plants exposed to relatively 

high levels of CO2 can partially close their stomata, thus 

reducing water loss and lengthening their growing 

season, longer warmer summers with more CO2 could 

                                                      
1007

 Verbatim from Ryan et al. (2012, p. 43) 
1008

 Verbatim from Ryan et al. (2012, p. 43) 
1009

 Verbatim from Hixon et al. (2010, p. 326) 
1010

 Verbatim from Joyce et al. (2001, p. 498). Joyce et al. cites Mack and D’Antonio (1998) for this information.  
1011

 Verbatim from Kareiva et al. (2012, p. 4-11). Impacts of climate change on ecosystem services. 
1012

 Verbatim from Pojar (2010, p. 23) 
1013

 Verbatim from Pojar (2010, p. 23). Pojar cites Levitt (1980) for information on plant growth with adequate 

moisture and elevated temperature and CO2 conditions. 
1014

 Verbatim from Pojar (2010, p. 23). Pojar cites Smith & Hinckley (1995), Woodward (1987), D’Arrigo et al. 

(2004), and Lloyd & Bunn (2007) for this information. 
1015

 Verbatim from Pojar (2010, p. 23). Pojar cites Oren et al. (2001) and Rich et al. (2006) for this information. 

Key Terms in this Section  

C3 plants: plants producing a three-carbon 
compound during photosynthesis such as trees 

C4 plants: plants producing a four-carbon 
compound during photosynthesis such as grasses 

Carbon cycle: the movement of carbon through 
the environment; ecosystems store carbon primarily 
as above- and below-ground wood and biomass, 
necromass (litter, woody debris), and organic carbon 
in the soil; ecosystems release carbon primarily 
through respiration, decay, and burning 

Net ecosystem production: net gain or loss 
of carbon from an ecosystem; equal to the net 
primary production minus the carbon lost through 
heterotrophic respiration (i.e., conversion of organic 
matter to CO2 by organisms other than plants) 

Net primary productivity: the increase in 
plant biomass or carbon in a given area; equal to 
gross primary production minus carbon lost through 
autotrophic respiration (i.e., respiration by 
photosynthetic organisms, e.g. plants) 

Nitrogen cycle: the natural movement of 
nitrogen through the environment, including the 
atmosphere, plants, animals, and microorganisms 
that live in soil and water 

Sources: U.S. EPA (2013); IPCC (2001) 
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also result in more growth.
1016

 Gains in aggregate yield of tree biomass could, however, be offset by 

nutrient limitations, maladaptation to changing environmental conditions, and losses due to other factors 

related to climate change, including increased fire, insect and disease outbreaks, severe weather events, 

thaw-freeze damage, and increased moisture stress in some areas.
1017

  

In addition, photosynthesis increases with increasing atmospheric concentrations of CO2 and with 

temperature, resulting in increased growth of plants.
1018

 Plants reach maximum photosynthesis between 

about 350 and 550 ppm atmospheric CO2, depending on differences in mechanisms of photosynthesis.
1019

 

Photosynthesis levels off at higher concentrations of CO2.
1020

 Regardless of CO2 concentrations, 

maximum photosynthesis tends to occur between about 85 °F and 115 °F (29 °C and 46 °C), and declines 

rapidly at higher temperatures.
1021

 

Plants that use C4 photosynthesis tend to dominate under conditions of high temperatures and low CO2 

concentrations.
1022

 C3 plants are competitively superior to C4 plants under conditions of increasing CO2 

atmospheric concentrations and increasing temperatures.
1023

 Plants that use the C3 pathways (e.g., pine, 

fir, hardwoods, shrubs) are usually competitively superior to C4 plants under conditions of higher 

atmospheric CO2 concentrations, and conifers are competitively superior to deciduous species.
1024

  

Biological processes that convert nutrients held in organic matter to available mineral forms are generally 

temperature-dependent.
1025

 Soil organic carbon and soil nitrogen are both easily removed by wind and 

water erosion, which can lead to feedbacks to the atmosphere.
1026

 Nitrogen availability is closely tied to 

the water cycle and it controls photosynthetic rates and thus forest productivity, as well as carbon 

allocation and resulting canopy development.
1027

 Nitrogen can limit carbon uptake even when water is 

readily available, but when water is limiting, plants cannot take up available nitrogen unless they develop 

                                                      
1016

 Verbatim from Pojar (2010, p. 23-24). Pojar cites Ainsworth & Rogers (2007) for information on plant stomata 

closing in response to relatively high levels of CO2. 
1017

 Nearly verbatim from Pojar (2010, p. 24). Pojar cites Wang et al. (2006) for information on nutrient limitations 

and maladaptation to changing environmental conditions. Pojar cites Spittlehouse & Stewart (2003), Johnston & 

Williamson (2005), and Campbell et al. (2008) for information on the losses due to other factors related to climate 

change. 
1018

 Nearly verbatim from deVos, Jr. & McKinney (2007, p. 7). Potential impacts of global climate change on 

abundance and distribution of elk and mule deer in western North America. 
1019

 Verbatim from deVos, Jr. & McKinney (2007, p. 7) 
1020

 Verbatim from deVos, Jr. & McKinney (2007, p. 7) 
1021

 Verbatim from deVos, Jr. & McKinney (2007, p. 7). deVos, Jr. & McKinney cite Mooney (1986) and Schulze et 

al. (2002) for this information. 
1022

 Verbatim from deVos, Jr. & McKinney (2007, p. 7) 
1023

 Verbatim from deVos, Jr. & McKinney (2007, p. 7) 
1024

 Nearly verbatim from deVos, Jr. & McKinney (2007, p. 8). deVos, Jr. & McKinney cite Schulze et al. (2002), 

Howery (2006), and Koch (2006) for this information. 
1025

 Verbatim from Ryan et al. (2012, p. 46) 
1026

 Verbatim from Peterman & Bachelet (2012, p. 171). Climate change and forest dynamics: a soils perspective. 
1027

 Verbatim from Peterman & Bachelet (2012, p. 168). Peterman & Bachelet cite Field et al. (1983) and Lajtha & 

Whitford (1989) for information on nitrogen availability being closely tied to the water cycle. Peterman & Bachelet 

cite Miller & Miller (1976), Brix (1981), Keyes & Grier (1981), Linder & Rook (1984), Nadelhoffer et al. (1985), 

Linder (1987), Myers (1988), Sanantonio (1989), and Raison & Stottlemeyer (1991) for information on the role of 

nitrogen in photosynthesis, forest productivity, carbon allocation, and canopy development. 



 

 
131 

symbiotic relationships with a nitrogen fixer.
1028

 For this reason, the sizes of the soil carbon and nitrogen 

pools are good indicators of any change in the local soil nitrogen-supplying capacity.
1029

 When fires burn 

forest litter and understory, immobilized nitrogen in the biomass gets released to the atmosphere.
1030

 

Other forest nitrogen outputs include biomass loss from harvest, erosion, leaching and gaseous 

transfers.
1031

 

Observed Trends 

Global 

Globally, forests, grasslands, wetlands and tundra function as large terrestrial reservoirs of carbon, part of 

the Earth’s feedback system that until recently maintained fairly stable concentrations of atmospheric 

CO2.
1032

 Forest ecosystems contain more than half of the world’s terrestrial carbon, and account for 

approximately 80% of the carbon exchange between terrestrial ecosystems and the atmosphere.
1033

 The 

biosphere (the global aggregate of aquatic—especially oceans—and terrestrial ecosystems) removes 50 to 

60 percent of human-caused greenhouse gas emissions (fossil fuel and land use emissions), curbing more 

intense global climate change.
1034

  

Terrestrial net primary production (NPP), the initial step of the carbon cycle in which carbon is fixed as 

biomass, increased from 1982 through 1999, in part due to eased climatic constraints on plant growth.
1035

 

However, global NPP slightly decreased for 2000-2099 by -0.55 Petagrams of carbon (Pg C; 1 Pg = 

1,000,000,000,000,000 grams).
1036

 In the northern hemisphere, 65% of vegetated land area had increased 

NPP, including large areas of North America, Western Europe, Indian, China, and the Sahel.
1037

 Regions 

with decreased NPP include Eastern Europe, central Asia, and high latitudes of west Asia.
1038

 

Review papers show that annual net carbon uptake (sequestration) is generally low or negative in forests 

less than 20 years old (because of high rates of decomposition following stand-initiating disturbances), 

reaches a peak rate in intermediate-aged forests (that is, 30 to 120 years), and declines but reaches 

                                                      
1028

 Verbatim from Peterman & Bachelet (2012, p. 168). Peterman & Bachelet cite Charley (1972), Ludwig (1979), 

and Reynolds & Cunningham (1981) for this information. 
1029

 Verbatim from Peterman & Bachelet (2012, p. 168). Peterman & Bachelet cite Ayanaba et al. (1976), Shurer 

(1985), and Powlson & Prookes (1987) for this information. 
1030

 Verbatim from Peterman & Bachelet (2012, p. 169). Peterman & Bachelet cite Raison et al. (1985) and 

O’Connell (1989) for this information. 
1031

 Verbatim from Peterman & Bachelet (2012, p. 169). Peterman & Bachelet cite Raison et al. (1985) for this 

information. 
1032

 Verbatim from Pojar (2010, p. 53) 
1033

 Nearly verbatim from Pojar (2010, p. 53). Pojar cites Wilson & Hebda (2008) for this information. 
1034

 Nearly verbatim from Pojar (2010, p. 53). Pojar cites Solomon et al. (2007) for this information. 
1035

 Verbatim from Zhao & Running (2010, p. 940). Zhao et al. cite Nemani et al. (2003) for this information. 
1036

 Nearly verbatim from Zhao & Running (2010, p. 940). Zhao & Running refer the reader to Figures 1 and 3, and 

Table S3, in the cited article for this information. Zhao & Running state the global average annual total NPP is 53.5 

Pg Carbon per year. 
1037

 Nearly verbatim from Zhao & Running (2010, p. 941) 
1038

 Verbatim from Zhao & Running (2010, p. 941) 
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equilibrium or remains positive in forests older than 120-160 years.
1039

 However, old forests store much 

more carbon in living matter, standing and downed wood, and in the soil, than do younger forests.
1040

  

Long-term monitoring of old-growth forests provides mixed evidence as to whether their total carbon 

storage capacity is changing; many old-growth forests throughout the world appear to be net carbon sinks; 

however, this effect is diminished at larger spatiotemporal scales of measurement.
1041

 

Southcentral and Southeast Alaska 

Total carbon in the Tongass National Forest (southeast Alaska; soil, aboveground living biomass, and 

roots and dead woody debris) is estimated to be 2.8 ± 0.5 Petagrams (Pg).
1042

 In all, 66% of the total 

carbon in the Tongass is in the soils, 30% is in aboveground biomass (15% in live trees, 6% in seedlings 

and saplings, 3% in standing dead wood, 6% in coarse woody debris, less than 1% in small woody debris, 

and 1% in understory vegetation), and 4% is in roots.
1043

 The carbon stock in the Tongass forest and soils 

(2.8 Pg) comprises 7.7% of the carbon in the forests and soils of the conterminous United States (36.7 Pg) 

and 0.25% of the carbon in the Earth’s forest vegetation and soils (1,146 Pg).
1044

 

Organic soils are known to be significant sources of dissolved organic carbon for streams in northern 

forested ecosystems.
1045

 Soils in southeastern Alaska contain an estimated 1.2 billion metric tons of 

carbon.
1046

 That estimate, however, excludes the deep, unfrozen peat deposits found in the organic soils of 

the region, and may underestimate actual carbon stored in forested soils.
1047

 Also, current survey methods 

may underestimate the carbon storage in southeastern Alaskan soils.
1048

  

Despite the extent of peatlands that occur within Pacific coastal temperate rainforest watersheds, there is 

little information describing how dissolved organic matter (DOM) storage and export patterns are related 

to soil saturation and temperature in the region.
1049

 In 2004 and 2005, D’Amore et al. (2010) measured 

soil water tables, soil temperatures, and redox potential and compared these measurements to fluctuations 

                                                      
1039

 Verbatim from Pojar (2010, p. 59). Pojar cites Harmon et al. (2004), Pregitzer & Euskirchen (2004), Paw et al. 

(2004), Gough et al. (2008), Luyssaert et al. (2008), Lewis et al. (2009), Phillips et al. (2008), Keith et al. (2009), 

and Hudiberg et al. (2009) for this information. 
1040

 Nearly verbatim from Pojar (2010, p. 60). Pojar cites Pregitzer & Euskirchen (2004) and Van Tuyl et al. (2005) 

for this information. 
1041

 Verbatim from Anderson-Teixeira et al. (2012, p. 9). Altered dynamics of forest recovery under a changing 

climate. Anderson-Teixeira et al. cite Baker et al. (2004), Luyssaert et al. (2007), Chave et al. (2008), and Lewis et 

al. (2009) for information on old-growth forests as net carbon sinks. Anderson-Teixeira et al. cite Clark (2002), 

Feeley et al. (2007a), and Chave et al. (2008) for information on the diminished effect at larger spatiotemporal scales 

of measurement. 
1042

 Nearly verbatim from Leighty et al. (2006, p. 1059). Effects of management on carbon sequestration in forest 

biomass in southeast Alaska. Note: The carbon estimate (2.8 Pg) is reported with its 95% confidence interval (± 

0.5). Leighty et al. refer the reader to Table 1 in the cited article for this information. 
1043

 Verbatim from Leighty et al. (2006, p. 1059) 
1044

 Verbatim from Leighty et al. (2006, p. 1059) 
1045

 Verbatim from Kelly et al. (2007, p. 50). Kelly et al. cite Mulholland & Kuenzler (1979) for this information. 
1046

 Verbatim from Kelly et al. (2007, p. 50). Kelly et al. cite Alexander et al. (1989) and Leighty et al. (2006) for 

this information. 
1047

 Verbatim from Kelly et al. (2007, p. 50). Kelly et al. cite Harrison et al. (2003) for this information. 
1048

 Verbatim from Kelly et al. (2007, p. 50). Kelly et al. cite D’Amore et al. (2002) and D’Amore (in prep) for this 

information. 
1049

 Verbatim from D’Amore et al. Controls on dissolved organic matter concentrations in soils and streams from a 

forested wetland and sloping bog in southeast Alaska. (2010, p. 249)  
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in dissolved organic carbon (DOC) and nitrogen (DON) concentrations in a forested wetland and sloping 

bog in southeast Alaska (near the mouth of McGinnis Creek) to address this key information gap.
1050

 Key 

findings include: 

 DOC concentrations: DOC concentrations ranged from 5 to 140 mg C l
-1

 (milligrams carbon per 

liter) in wetland soils, 11 to 46 mg C l
-1

 in streams, and varied greatly in response to changes in 

water table, redox potential and soil temperature.
1051

 In addition, DOC concentrations peaked 

before the mid-summer temperature maximum at the forested wetland in 2005.
1052

 

 DON concentrations: DON concentrations ranged from 0.03 to 2.4 mg N l
-1

 (milligrams 

nitrogen per liter) in wetland soils, 0.2 to 0.6 mg N l
-1

 in streams, and concentrations also 

reflected seasonal changes in physical measures.
1053

  

 Distribution of DOC and DON: Depth to water table and soil temperature were significant 

factors related to the concentration of DOC in forested wetland soils and streams, while soil 

temperature was a significant factor that influenced stream DOC and DON concentrations.
1054

 

Comparing soil solution and stream DOM concentrations indicated that nitrogen is retained in 

bogs, while both dilution and biotic/abiotic retention mechanisms control DOM export in forested 

wetlands.
1055

 

 Carbon storage: The forested wetland and bog soils had about the same carbon storage to 3.28 

feet (1 meter) depth (approximately 11 kilograms of carbon per square meter), but size 

distribution of the material varied as indicated by the rubbed fibre analysis.
1056

 Both the bog and 

forested wetland sites had soils that reflect the results of Holocene peatland development and 

contained deep (>1.6 foot, >0.5 meter) and concentrated (>35%) organic carbon stocks that were 

extensive reservoirs or organic matter.
1057

 

The high soil moisture conditions of coastal temperate forests lead to the limitation of forest productivity 

on sites and the accumulation of soil organic material.
1058

 From 1988 to 2000 in Alaska, years with 

relatively early seasonal thawing showed generally greater leaf area index and annual productivity, while 

years with delayed seasonal thawing showed corresponding reductions in canopy cover and 

productivity.
1059

 The PEM-derived (i.e., biome-specific production efficiency model) gross primary 

productivity and net primary productivity values for Alaska and northwest Canada averaged 597 [± 173.7 

(s)] and 301 [± 107.4 (s)] grams of carbon per square meter per year, respectively.
1060

 Mean annual 

                                                      
1050

 Nearly verbatim from D’Amore et al. (2010, p. 249)  
1051

 Verbatim from D’Amore et al. (2010, p. 249)  
1052

 Verbatim from D’Amore et al. (2010, p. 256). D’Amore et al. refer the reader to Figure 5D in the cited article 

for this information. 
1053

 Verbatim from D’Amore et al. (2010, p. 249)  
1054

 Verbatim from D’Amore et al. (2010, p. 249)  
1055

 Verbatim from D’Amore et al. (2010, p. 249)  
1056

 Verbatim from D’Amore et al. (2010, p. 252)  
1057

 Verbatim from D’Amore et al. (2010, p. 252). D’Amore et al. refer the reader to Table 1 in the cited article for 

this information.  
1058

 Verbatim from Wolken et al. (2011, p. 17). Wolken et al. cite Neiland (1971) for this information. 
1059

 Nearly verbatim from Kimball et al. (2006, p. 2) 
1060

 Nearly verbatim from Kimball et al. (2006, p. 12). Kimball et al. refer the reader to Figure 5 and Table 1 in the 

cited article for this information. 
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productivity within boreal forest areas was approximately 12.2% greater than regional average conditions, 

while arctic tundra annual productivity was 21.3% lower than the regional mean.
1061

 

Western British Columbia 

There is consensus that temperate rainforests (coastal and interior) and southern montane forests, which 

have faster-growing and bigger trees, sequester and store more carbon per hectare than slower growing, 

northern forests.
1062

 In total 18 billion tons of carbon are estimated to be stored by B.C.’s forest 

ecosystems, nearly 1000 times the province’s annual emissions of greenhouse gases.
1063

 The carbon 

stored in the trees, roots and soils of these forests averages 125 tons per acre (311 tons per hectare).
1064

 

However, carbon storage estimates vary by region and forest type: 

 Pacific Maritime and Montane Cordillera Ecozones: The Carbon Budget Model for Canada’s 

Forests (1999) estimates B.C.’s Pacific Maritime and Montane Cordillera ecozones store on 

average ~142 tons of carbon per acre (~350 tons of carbon per hectare).
1065

 Individual forest 

ecosystems in these ecozones can store considerably more than the average, from 243 to 526.1 

tons of carbon per acre (600 to 1300 tons of carbon per hectare).
1066

  

 Temperate old-growth rainforests: Old-growth forests steadily accumulate carbon for centuries 

and store vast quantities of it, up to 445.2 tons per acre (1100 tons per hectare) in B.C.’s 

temperate rainforests – some of the highest storage capacities in the world.
1067

 

B.C.’s peatlands cover approximately 6% of the province – mostly in the north and on the outer coast – 

and are estimated to store 6.8 billion tons of carbon and to sequester about 1.5 million tons of carbon per 

year.
1068

 Three northern wetland complexes are mostly peatlands (Fort Nelson Lowland in northeast B.C., 

Hecate Lowland on the central and north coast, and the Argonaut Plain on northeast Haida Gwaii), 

carbon-rich wetland ecosystems with massive deposits of peat at least 40 cm thick.
1069

 

In cooler months, high daytime atmospheric vapor pressure deficit rarely restricts photosynthesis in any 

zone (i.e., in any biogeoclimatic zone in B.C.).
1070

 As temperature increases, high daytime atmospheric 

vapor pressure deficit increases exponentially and often imposes limitations on stomatal conductance 

during the summer.
1071

 Throughout the province, high daytime atmospheric vapor pressure deficit 

currently restricts photosynthesis on average between 30% and 40% during the summer months (i.e., as 

reported by results form the 3-PG process-based model).
1072

 

                                                      
1061

 Verbatim from Kimball et al. (2006, p. 12) 
1062

 Verbatim from Pojar (2010, p. 62). Pojar cites Keith et al. (2009) for this information. 
1063

 Nearly verbatim from Pojar (2010, p. 53). Pojar cites Wilson & Hebda (2008) for this information. 
1064

 Nearly verbatim from Pojar (2010, p. 53) 
1065

 Nearly verbatim from Pojar (2010, p. 60). Pojar cites Kurz & Apps (1999) for this information. 
1066

 Verbatim from Pojar (2010, p. 60). Pojar cites Trofymow & Blackwell (1998) and Fredeen et al. (2005) for this 

information. 
1067

 Nearly verbatim from Pojar (2010, p. 57) 
1068

 Nearly verbatim from Pojar (2010, p. 54). Pojar cites Wilson & Hebda (2008) for this information. 
1069

 Nearly verbatim from Pojar (2010, p. 54) 
1070

 Nearly verbatim from Coops et al. (2010, p. 521) 
1071

 Verbatim from Coops et al. (2010, p. 521) 
1072

 Nearly verbatim from Coops et al. (2010, p. 521) 
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Pacific Northwest 

Potential carbon stores in the Pacific Northwest are among the highest for forests in the world.
1073

  

In 14 mid- to late-successional stands in the northwest U.S., the distribution and amounts of organic 

matter, carbon, and nitrogen in woody residue and soil components varied considerably among forest 

types and locations.
1074

 The highest totals were found in the high-rainfall areas of western Oregon (Table 

22).
1075

 Combined, woody residue, forest floor, and soil wood contained greater than 50% of the soil 

carbon to a mineral-soil depth of approximately 12 inches (30 cm) in 13 of the 14 stands, while the 0-3.9 

inch (0-10 cm) soil depth contained more carbon than the 3.9-12 inch (10-30 cm) depth in nearly half the 

stands.
1076

 In contrast to carbon, nitrogen pools were much larger in the mineral soil than in the surface 

organic layers.
1077

 Specific results for two stands in the southern Oregon Cascades and Oregon Coast 

Range are provided in Table 22. 

Northwest California 

Information needed. 

  

                                                      
1073

 Verbatim from Shafer et al. (2010, p. 188). Shafer et al. cite Smithwick et al. (2002) and Homann et al. (2005) 

for this information. 
1074

 Nearly verbatim from Page-Dumroese & Jurgenson (2006, p. 2275). Soil carbon and nitrogen pools in mid- to 

late-successional forest stands of the northwestern United States: potential impact of fire. Page-Dumroese & 

Jurgenson refer the reader to Table 3 in the cited article for this information. 
1075

 Nearly verbatim from Page-Dumroese & Jurgenson (2006, p. 2275) 
1076

 Nearly verbatim from Page-Dumroese & Jurgenson (2006, p. 2275-2276) 
1077

 Verbatim from Page-Dumroese & Jurgenson (2006, p. 2276). Page-Dumroese & Jurgenson refer the reader to 

Table 3 in the cited article for this information. 
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Future Projections 

Global 

Because responses to CO2 enrichment may differ among species and locations, a wide range of responses 

to increased atmospheric CO2 should be expected worldwide.
1078

 For mature forests, in large part because 

of this uncertainty (i.e., in whether elevated CO2 will increase biomass and productivity in mature 

forests), it remains unclear whether the net carbon balance of mature forests will increase in response to 

CO2 fertilization.
1079

 The ability of forests to sustain increased net primary productivity (NPP) under 

                                                      
1078

 Verbatim from Sturrock et al. (2011, p. 133) 
1079

 Nearly verbatim from Anderson-Teixeira et al. (2013, p. 5). Anderson-Teixeira refer the reader to Figure 3 in the 

cited article for this information.  

Table 22. Distribution of woody residue and soil organic matter, carbon, and nitrogen in two mid- to late-

successional stands in the southern Oregon Cascades and Oregon Coast Range, including fine roots in the forest 

floor, soil wood, and mineral soil pools. 

Oregon Cascades 

(Douglas-fir/Oregon 

grape stand) 

Organic Matter Carbon Nitrogen 

Soil 

(Mg ha
-1

)* 

Distribution 

(%) 

Soil  

(Mg ha
-1

) 

Distribution 

(%) 

Soil  

(Mg ha
-1

) 

Distribution 

(%) 

Woody residue 78 (10) 17 36 (9) 12 166 (14) 5 

Forest floor 127 (12) 27 72 (46) 23 201 (30) 7 

Soil wood 50 (9) 11 27 (2) 9 95 (37) 3 

Mineral soil  

(0-3.9”, 0-10 cm) 
105 (7) 22 83 (22) 26 1112 (49) 37 

Mineral soil  

(3.9-12; 10-30 cm) 
108 (15) 23 94 (13) 30 1432 (52) 48 

Total 468 100 312 100 3006 100 

Oregon Coast Range 

(Sitka spruce/ red 

alder stand) 

Soil 

(Mg ha
-1

) 

Distribution 

(%) 

Soil  

(Mg ha
-1

) 

Distribution 

(%) 

Soil  

(Mg ha
-1

) 

Distribution 

(%) 

Woody residue 228 (12) 22 130 (8) 30 249 (17) 6 

Forest floor 157 (14) 15 77 (38) 18 183 (32) 5 

Soil wood 111 (26) 11 51 (6) 12 84 (6) 2 

Mineral soil  

(0-3.9”, 0-10 cm) 
307 (11) 29 117 (12) 27 1405 (35) 36 

Mineral soil  

(3.9-12; 10-30 cm) 
244 (15) 23 55 (13) 13 1999 (42) 51 

Total 1047 100 430 100 3920 100 

*Megagrams per hectare 

Note: Values are given as the mean with the standard error of the mean in parentheses 

Source: Modified from Page-Dumroese & Jurgenson (2006, Table 3, p. 2277-2279) by authors of this report. 
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elevated CO2 as they age – and, ultimately, the potential for mature forests to increase carbon storage 

under elevated CO2 – depends in large part upon biogeochemistry.
1080

  

Western North America 

Western U.S. forests are responsible for 20% to 40% of total U.S. carbon sequestration.
1081

 In a modeling 

study of projected future changes in vegetation across western North America (2070-2099 vs. 1961-1990; 

CESM run with its DGVM under A2), the projected total carbon loss in the simulations is 5.8 Gigatons of 

carbon (GtC), with 57% (3.3 GtC) lost from the vegetation stock and 43% (2.5 GtC) from the soil carbon 

stock (Figure 28).
1082

 The net impact is about a 50% decrease in projected ecosystem carbon storage in 

this region.
1083

 Specific results for the vegetation, soil, and total carbon stocks include: 

 Vegetation carbon stock: The model results indicate that by 2100, there may be a 3.3 GtC (or 

35%) reduction in the vegetation carbon, where 27% of the land is covered by forests (here, 

forests are defined as the regions with more than 90% tree coverage) owing to the transition from 

forests to grasses and shrubs.
1084

 The projected loss of forest carbon from 2005 to 2100 is 

equivalent to 16 years of fossil fuel emissions from the United States.
1085

 

 Soil carbon stock: In addition to vegetation carbon loss, there may be an additional 2.5 GtC (or 

13%) soil carbon loss because of both increased necromass and accelerated decomposition rates 

with higher temperatures.
1086

 

 Total carbon stock: The total loss from vegetation changes and soil is also about 15% of the 

total 37.2 GtC carbon pools over the continental U.S. as reported by Potter et al. (2006).
1087

 

                                                      
1080

 Verbatim from Anderson-Teixeira et al. (2013, p. 5) 
1081

 Verbatim from Jiang et al. (2013, p. 3681). Projected future changes in vegetation in western North America in 

the Twenty-First Century. Jiang et al. cite Pacala et al. (2001) for this information. 
1082

 Nearly verbatim from Jiang et al. (2013, p. 3683). Projected future changes in vegetation in western North 

America in the Twenty-First Century.  
1083

 Nearly verbatim from Jiang et al. (2013, p. 3671)  
1084

 Verbatim from Jiang et al. (2013, p. 3681). Projected future changes in vegetation in western North America in 

the Twenty-First Century.  
1085

 Verbatim from Jiang et al. (2013, p. 3682). Jian et al. cite Friedlingstein et al. (2010) for this information. 
1086

 Verbatim from Jiang et al. (2013, p. 3681). Projected future changes in vegetation in western North America in 

the Twenty-First Century.  
1087

 Verbatim from Jiang et al. (2013, p. 3682) 

 

 

 

 

 
 
 
Figure 28. Time series of projected changes in vegetation 

carbon, soil organic carbon, and ecosystem carbon 

(vegetation and soil organic carbon) stocks for the period of 

2005-99 over western North America. Changes are relative 

to year 2005 values. Shaded area represents the ensemble 

range of eight CESM runs. Source: Reproduced from Jiang 

et al. (2013, Figure 10, p. 3683) by authors of this report. 
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In a similar modeling study of the effects of fire suppression and CO2 emissions on carbon stocks and 

vegetation, in the West (i.e., west of the eastern border of Colorado) the response to increases in 

precipitation and relatively small increases in temperature was a 5% increase in total carbon stocks (2070-

2099 vs. 1971-2000; Canadian CGCM2, UK HADCM3, and Australian CSIRO Mk2 simulated by MC1 

DGVM and run with A2 and B2).
1088

 As in the results for vegetation type, the unsuppressed vs. 

suppressed fire treatment had a significant effect on the response of total carbon to future climate.
1089

 But 

unlike vegetation type, total carbon was also responsive to the CO2 effect and emission treatments, and to 

their interactions.
1090

 Specific overall results, as well as results for suppressed and unsupressed fire, 

include: 

 Overall: In the western region, there was a 5.3% increase in the total carbon pool averaged across 

all treatments.
1091

 

 Suppressed fire (i.e., after 1950 at the historical level): With suppressed fire, carbon gains under 

all treatments averaged 10.3%, with the greatest gains simulated in response to the high CO2 

effect, especially in combination with the high A2 emission rate.
1092

  

 Unsuppressed fire: With unsuppressed fire, carbon gain in the West was neglible (0.4%) when 

averaged across a 3.5% loss and 4.3% gain under the low and high CO2 response (i.e., lower net 

primary productivity, NPP, and higher NPP), respectively.
1093

 Carbon gain with unsuppressed fire 

and the high CO2 response was significantly greater in conjunction with the high A2 CO2 

emission rate.
1094

 

Global temperature increases pose a potential threat to Canada’s boreal forests via eruptive beetle 

populations moving further north and east of their current range.
1095

 An expanding disturbance footprint 

could further threaten forest carbon sinks in North America, which in turn could provide positive 

feedback to the global climate system.
1096

 For example, bark beetle outbreaks have increased forest 

carbon loss and are likely to continue to do so in the next 30 years, probably negating the increased 

productivity from warming temperatures and elevated CO2.
1097

 Experimental soil-warming studies 

confirm that nitrogen mineralization will increase in response to higher temperatures, with an average 

                                                      
1088

 Nearly verbatim from Lenihan et al. (2008b, p. 16). Simulated response of conterminous United States 

ecosystems to climate change at different levels of fire suppression, CO2 emission rate, and growth response to CO2. 
1089

 Verbatim from Lenihan et al. (2008b, p. 22). Lenihan et al. refer the reader to Figure 6 vs. 7 in the cited article 

for this information. 
1090

 Verbatim from Lenihan et al. (2008b, p. 22) 
1091

 Verbatim from Lenihan et al. (2008b, p. 22). Lenihan et al. refer the reader to Table 1 in the cited article for this 

information. 
1092

 Verbatim from Lenihan et al. (2008b, p. 22). In the cited article, Lenihan et al. refer the reader to Table 1 for 

information on carbon gains under all treatments and to Figure 8B for information on the greatest gains. 
1093

 Verbatim from Lenihan et al. (2008b, p. 22) 
1094

 Verbatim from Lenihan et al. (2008b, p. 22). Lenihan et al. refer the reader to Figure 8A in the cited article for 

this information. 
1095

 Verbatim from Sambaraju et al. (2012, p. 222) 
1096

 Verbatim from Sambaraju et al. (2012, p. 222). Sambaraju et al. cite Safranyik et al. (2010) for information on 

the expanding disturbance footprint, and Kurz et al. (2008) for information on positive feedback to the global 

climate system. 
1097

 Nearly verbatim from Ryan et al. (2012, p. 46). Ryan et al. refer the reader to Figure 2.17 in the cited article for 

this information. 
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increase in net nitrogen mineralization of about 50% (2-9 years of experimental warming in the range 0.5-

11 °F, 0.3-6.0 °C).
1098

 

Southcentral and Southeast Alaska 

Changes in growing season length may affect annual productivity, and increased nitrogen and CO2 inputs 

strongly influence forest productivity if other factors (water, temperature, radiation) are less limiting.
1099

 

Carbon stored in soils may be lost in gaseous forms through oxidation of soil organic matter and by way 

of associated increases in dissolved organic carbon in surface water.
1100

 The potential to transfer soil 

carbon to the atmosphere by these means is high in southeastern Alaska where temperatures are mild and 

precipitation is abundant.
1101

 Increasing temperature leads to increased oxidation of soil organic matter, 

and increased rainfall increases the export to streams of dissolved material including carbon.
1102

 

In a modeling study using the dynamic global vegetation model MC1 state-wide, information on carbon 

losses from fire, carbon gains, and net change in carbon is provided: 

 Carbon losses from fire: The model simulates an average loss of 17-19 Teragrams of carbon per 

year (Tg C yr
-1

; 1 Tg = 1,000,000,000,000) due to fire emissions between 2025 and 2099, which 

corresponds to a 24-33% increase above historical conditions (compared to 1922-1996 under two 

climate change scenarios, CGCM1 and HADCM2SUL).
1103

  

 Carbon gains: The carbon gain between 2025 and 2099 is projected at 0.5 Petagrams of carbon 

(Pg C; 1 Pg = 1,000,000,000,000,000) under the warmer CGCM1 climate change scenario and 

3.2 Pg C under HADCM2SUL.
1104

  

 Net change in carbon: The loss to fires under CGCM1 is thus greater than the carbon gained in 

those 75 years, while under HADCM2SUL it represents only about 40% of the carbon gained.
1105

 

However, during the last decade of the 21
st
 century, Alaska becomes a large carbon source (19–72 

Tg C) under both scenarios.
1106

 

Projections of net carbon flux in the Tongass National Forest (southeast Alaska) range from 0.33 

Teragrams of carbon (Tg C) annual sequestration to 2.3 Tg C annual emissions for the period 1995-2095 

(spatially explicit model comprised of GIS and foresty inventory data, then used with accretion data from 

permanent plots to examine five future management regimes).
1107

 

                                                      
1098

 Nearly verbatim from Ryan et al. (2012, p. 46). Ryan et al. cite Melillo et al. (2011) for information on 

increasing nitrogen mineralization in response to higher temperatures and Rustad et al. (2001) for information on the 

average increase of 50%. 
1099

 Verbatim from Jezierski et al. (2010, p. 8). Jezierski et al. cite Ryan et al. (2008) for this information. 
1100

 Verbatim from Kelly et al. (2007, p. 50) 
1101

 Verbatim from Kelly et al. (2007, p. 50) 
1102

 Verbatim from Kelly et al. (2007, p. 50) 
1103

 Nearly verbatim from Bachelet et al. (2005, p. 2252). Note: Scenarios were based on greenhouse gas 

experiments with sulfate aerosols from the Canadian Climate Center (CGCM1) and the Hadley Centre 

(HADCM2SUL). 
1104

 Verbatim from Bachelet et al. (2005, p. 2245) 
1105

 Verbatim from Bachelet et al. (2005, p. 2245) 
1106

 Verbatim from Bachelet et al. (2005, p. 2254). Bachelet et al. refer the reader to Figure 9 in the cited report. 
1107

 Nearly verbatim from Leighty et al. (2006, p. 1051) 
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Western British Columbia 

If stand-replacing disturbances are rare, as they are in wet coastal forests, many wet subalpine forests, and 

some interior wet-belt forests, older forests will occupy the majority of the landscape and they will 

continue to be net carbon sinks.
1108

 

The future magnitude and direction of 

peatlands’ influence on climate are 

uncertain.
1109

 In particular, it is unclear how 

long northern peatlands can continue to 

function as net carbon sinks, given their 

sensitivity to drought, water table drawdown, 

melting permafrost, and especially surface 

disturbance from oil and gas exploration and 

development, and the resultant emissions of 

CO2 and methane (CH4).
1110

 

Pacific Northwest 

The 21
st
 century carbon budget of the Pacific 

Northwest will likely be a balance between 

competing processes, such as increased spring 

precipitation and CO2 fertilization versus 

summer drought and intensified fire 

regimes.
1111

 The maritime forests west of the 

Cascades appear vulnerable to increases in 

summer drought and fire occurrence, and could 

possibly lose up to 1.2 petagrams of carbon 

under the Hadley GCM (Pg C; 1 Pg = 

1,000,000,000,000,000) by the end of the 21
st
 

century (2070-2099 vs. 1971-2000; CSIRO 

Mk3, MIROC 3.2 medres, and Hadley CM3 

GCMs under A2 emissions scenario) (Table 23, 

Figure 29).
1112

 To put this in context, 1 Pg C is approximately one-eighth of our current global annual 

fossil fuel emissions and 23 times the size of Oregon and Washington’s current combined annual 

emissions.
1113

 Simulated fire suppression was unable to curtail this large fire-induced carbon source.
1114

  

                                                      
1108

 Verbatim from Pojar (2010, p. 62). Pojar cites Parish & Antos (2006) for information on wet coastal forests, 

Hallet et al. (2003) for information on wet subalpine forests, and Daniels & Gray (2006) for information on older 

forests continuing to occupy the majority of the landscape. 
1109

 Nearly verbatim from Pojar (2010, p. 54). Pojar cites Kelman et al. (2008) for this information. 
1110

 Nearly verbatim from Pojar (2010, p. 54) 
1111

 Verbatim from Rogers et al. (2011, p. 2) 
1112

 Nearly verbatim from Rogers et al. (2011, p. 11) 
1113

 Verbatim from Rogers et al. (2011, p. 6). Rogers et al. cite Le Quéré et al. (2009) for information on global 

annual fossil fuel emissions. For Washington and Oregon emissions, Rogers et al. cite Oregon Department of 

Energy (2010) and Waterman-Hoey & Nothstein (2006). 

Figure 29. Number of future scenarios that agree on a change 

from the historical baseline. Changes in the positive and 

negative direction are given by positive and negative numbers 

for carbon and burn area. Changes of less than 5% (carbon) 

and 10% (burn area) from historical on a grid-cell basis were 

deemed insignificant. Source: Reproduced from Rogers et al. 

(2011, Figure 8, p. 10) by authors of this report. 
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Woody expansion in the western United States may continue under future warming because of natural 

climate variability, ongoing increases in atmospheric CO2, and continuing grazing restrictions and fire 

suppression.
1115

 This expansion would allow for greater carbon sequestration (Table 24).
1116

 However, it 

would also allow for an increase in coarse fuels likely to carry catastrophic fires if droughts were to occur 

more frequently in the future.
1117

 On the other hand, future droughts may also limit tree growth, thus 

ultimately reducing fuel production and allowing for more open forests with lower fire danger.
1118

 

 

Table 24. Impacts of future climate change on carbon (C) sequestration in Oregon and Washington. 

 Years Oregon California 

Live vegetation carbon 

1901-2000 

2001-2100 

2.43 Pg C 

-0.08 

1.8 Pg C 

-0.18 

2031-2060 +0.68 -0.23 

2071-2090 -0.14 -0.12 

Soil carbon 

1901-2000 

2001-2100 

6.20 Pg C 

-0.04 

6.8 Pg C 

-0.07 

2031-2060 -0.05 -0.07 

2071-2090 -0.04 -0.08 

Source: Modified from Bachelet et al. (2007, Table 3, p. 15) by authors of this report. 

Note: Impacts of future climate change on fire and carbon sequestration simulated by vegetation model MC1 

(Lenihan et al., 2003; Bachelet et al., 2001). Reported are average annual carbon stocks in Pg (billion tons) C, 

averaged over the historical period, and future fractional changes for the 21
st
 century (2001–2100) and the middle 

(2031–2060) and late (2071–2090) 21
st
 century in the CGCM2 climate model and the SRES A2 emissions scenario. 

                                                                                                                                                                           
1114

 Verbatim from Rogers et al. (2011, p. 11) 
1115

 Verbatim from Bachelet et al. (2007, p. 16-17) 
1116

 Verbatim from Bachelet et al. (2007, p. 17) 
1117

 Verbatim from Bachelet et al. (2007, p. 17) 
1118

 Verbatim from Bachelet et al. (2007, p. 17) 

Table 23. Historical (1971-2000 Means) and Future (2070-2099 Means) Changes to Fire Regimes and Carbon 

Stocks in the Pacific Northwest Domain and Western Forests Sub-Domain. 

Region Variable Historical 

Percent Changes 

CSIRO 

(cool-wet) 

MIROC 

(hot-wet) 

Hadley 

(hot-dry) 

Pacific 

Northwest 

Domain 

Burn area 0.326
a 

+76.3 +95.0 +310.1 

Biomass consumed 8.95
b 

+127.9 +165.3 +477.6 

Ecosystem carbon 29.4
c 

+12.2 +9.9 -13.4 

Western 

Forests Sub-

Domain 

Burn area
 

0.143
a 

+161.5 +159.6 +1177.4 

Biomass consumed 5.74
b 

+153.2 +182.1 +1313.4 

Ecosystem carbon 44.4
c 

+2.5 +1.7 -23.9 

a: % area burned per year; b: grams carbon m
-2

 yr
-1

; c: kg carbon m
-2

 

Source: Modified from Rogers et al. (2011, Table 2, p. 9 by authors of this report.  

Note: Eastern Forests and Columbia Plateau Sub-Domains are outside the NPLCC region. Results are not shown. 



 

 
142 

Northwest California 

A model sensitivity analysis was conducted by Lenihan et al. (2008) to assess the contribution of the 

direct effects of CO2 (i.e., enhanced plant production and water use efficiency) on simulated net primary 

productivity trends in the state of California.
1119

 Results indicated that direct CO2 effects enhanced net 

primary productivity by approximately 6% at 500 ppm (concentration at the end of century under the B1 

emission scenario) and by approximately 18% at 800 ppm (concentration at end of century under the A2 

emission scenario).
1120

 

In the same study, results for simulated trends in cumulative net biological production (i.e., NBP, the 

balance between carbon gained via primary productivity and carbon lost via decomposition and 

consumption by fire) varied by the model and scenario used (comparing 2070-2099 vs. 1961-1990 run 

using the GFDL-A2, GFDL-B1, and PCM-A2 scenarios): 

 PCM-A2 scenario (cooler and less dry): The simulated trend in NBP showed a steady increase 

over the course of the future period, resulting in the accumulation of 321 Teragrams (Tg) of new 

ecosystem carbon in California by the end of the century (a 5.5% increase over the total carbon 

stocks simulated for the historical period).
1121

 The majority of simulated new ecosystem carbon 

came from new soil and litter: 

o New soil/litter carbon accounted for over 80% of the new carbon sink under the PCM-A2 

scenario.
1122

  

o The remaining 20% accumulated as live vegetation carbon, 80% of which was new grass 

carbon.
1123

 

 GFDL-B1 and GFDL-A2 (warmer and drier scenarios): The simulated trends in NBP showed a 

steady decrease over the course of the future period, resulting in the loss of 76 and 129 Tg (83.8 

and 142.2 million tons) of total ecosystem carbon by the end of the century under the B1 and A2 

emissions scenarios, respectively.
1124

 These losses represent a decline in total carbon stocks of 

1.3% (B1) and 2.2% (A2) relative to simulated historical levels.
1125

 The source of simulated 

ecosystem carbon losses varied by emissions scenario: 

o Losses of live vegetation carbon accounted for 80% (B1) and 67% (A2) of the declines in 

total ecosystem carbon.
1126

  

                                                      
1119

 Nearly verbatim from Lenihan et al. (2008a, p. S223) 
1120

 Nearly verbatim from Lenihan et al. (2008a, p. S223) 
1121

 Nearly verbatim from Lenihan et al. (2008a, p. S223). Lenihan et al. refer the reader to Figure 5b in the cited 

article for information on the simulated increase under the PCM-A2 scenario. Lenihan et al. also refer the reader to 

Table 2 in the cited article for information on the simulated percent increase in total carbon stocks compared to the 

historical period. 
1122

 Verbatim from Lenihan et al. (2008a, p. S223). Lenihan et al. refer the reader to Figure 6a in the cited article for 

this information. 
1123

 Verbatim from Lenihan et al. (2008a, p. S223). Lenihan et al. refer the reader to Figure 6c in the cited article for 

this information. 
1124

 Nearly verbatim from Lenihan et al. (2008a, p. S223). Lenihan et al. refer the reader to Figure 5b in the cited 

article for information on the simulated trends in NBP. Lenihan et al. also refer the reader to Table 2 in the cited 

article for this information. 
1125

 Verbatim from Lenihan et al. (2008a, p. S223) 
1126

 Verbatim from Lenihan et al. (2008a, p. S223) 
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o Relative to simulated historical levels, total woody carbon declined by 29% while total 

grass carbon increased by 22% by the end of the century under the B1 emission 

scenario.
1127

  

o Under the A2 scenario, woody carbon declined by 36% while grass carbon increased by 

20%.
1128

 

Regarding these results, Lenihan et al. (2008a) note the direct effect of increasing atmospheric CO2 

concentration on vegetation productivity and water-use efficiency is another source of uncertainty in 

Dynamic General Vegetation Model formulation.
1129

 They further note the uncertainty due to differences 

among future climate scenarios and to unrepresented or poorly understood processes preclude the use of 

these simulations as unfailing predictions of the future.
1130

 

Information Gaps 

Ryan et al. (2012) list four key information needs for nutrient cycling in forest ecosystems: 

 More and longer term elevated CO2 experiments in forests, especially in mature forests.
1131

  

 More forest-scale warming experiments.
1132

  

 More information on multifactor interactions and species changes, processes leading to tree 

mortality and species migration, and the cause and potential saturation of the current carbon sink 

in the United States.
1133

  

 Analyses of long-term stream chemistry data to provide an integrated measure of nutrient cycling 

responses to climate variability, including more analyses across a wider range of ecosystems to 

understand variation in controls and response patterns.
1134

  

In southeastern Alaska forested watersheds, further measurements of organic soils need to be linked with 

transport studies to enhance understanding of carbon export.
1135

 

  

                                                      
1127

 Verbatim from Lenihan et al. (2008a, p. S224) 
1128

 Verbatim from Lenihan et al. (2008a, p. S224) 
1129

 Nearly verbatim from Lenihan et al. (2008a, p. S228) 
1130

 Nearly verbatim from Lenihan et al. (2008a, p. S228) 
1131

 Verbatim from Ryan et al. (2012, p. 47) 
1132

 Verbatim from Ryan et al. (2012, p. 47) 
1133

 Verbatim from Ryan et al. (2012, p. 47) 
1134

 Verbatim from Ryan et al. (2012, p. 47) 
1135

 Nearly verbatim from Kelly et al. (2007, p. 50) 
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2. Altered soil attributes 

Soil is the foundation upon which forest and range ecosystems develop.
1136

 Soil holds much of the 

nutrients and biological mass of forest and range lands.
1137

 It consists of inorganic material, decaying 

organic matter, air, water, and many microbial and larger organisms.
1138

 Soil provides a wide range of 

important functions including sustaining plant growth; absorbing, storing, filtering, and moving water; 

modifying the atmosphere; providing habitat for beneficial soil micro-organisms; and providing a 

medium upon which engineering structures (e.g., roads) can be constructed.
1139

 Soil attributes include soil 

temperature, moisture, composition, and respiration. 

Climate change-induced perturbations in nutrient cycling and precipitation is very likely to impact the 

ability of soil to sequester and store carbon.
1140

 Soil water storage depends on vegetation type and cover, 

soil surface and subsurface characteristics (e.g., infiltration rate, slope, texture, depth, impermeable 

layers), and losses to deep drainage, lateral flow, and evaporation.
1141

 Therefore, soils hold important 

clues about shifts in hydrology and vegetation across the landscape because, in terrestrial systems, soil 

characteristics govern the reception, storage and 

redistribution of precipitation.
1142

 This, in turn, determines 

the supply of plant-available water and, indirectly, the 

nutrients necessary for plant establishment and growth.
1143

 

Because soils with more water are less sensitive to 

warming, changes in soil moisture result in changes in soil 

heat capacity and conductivity, which, in turn, affect 

infiltration and water transport in the soil profile.
1144

 Soil 

response to changes in precipitation has implications for 

vegetation water needs, fire risk, pest outbreaks, 

infiltration rates, and groundwater recharge.
1145

 More 

specifically, because they hold or release moisture based 

on their texture, depth and chemistry, soils can either 

mitigate or exacerbate climate change impacts to plants, 

affecting ecosystem vulnerability to heat waves, wildfires, 

and pest outbreaks.
1146

  

                                                      
1136

 Verbatim from B.C. Ministry of Forests, Mines, and Lands (2010, p. 92) 
1137

 Verbatim from B.C. Ministry of Forests, Mines, and Lands (2010, p. 92) 
1138

 Verbatim from B.C. Ministry of Forests, Mines, and Lands (2010, p. 92) 
1139

 Verbatim from B.C. Ministry of Forests, Mines, and Lands (2010, p. 92) 
1140

 Verbatim from Kareiva et al. (2012, p. 4-12) 
1141

 Verbatim from Knapp et al. (2008, p. 3). Consequences of more extreme precipitation regimes for terrestrial 

ecosystems. Knapp et al. cite Brady & Weil (2002) for this information. 
1142

 Verbatim from Peterman & Bachelet (2012, p. 160) 
1143

 Verbatim from Peterman & Bachelet (2012, p. 160) 
1144

 Verbatim from Peterman & Bachelet (2012, p. 160). Peterman & Bachelet cite Cherkauer & Lettenmaier (1999) 

and Iwata et al. (2008) for this information. 
1145

 Nearly verbatim from Peterman & Bachelet (2012, p. 160). Peterman & Bachelet cite USGCRP (2009) for this 

information. 
1146

 Verbatim from Peterman & Bachelet (2012, p. 173) 

Key Terms in this Section 

Hydric: soils formed under saturated conditions 
long enough during the growing season to develop 
anaerobic conditions in the upper part of the 
saturated area 

Mesic: a soil temperature class with mean 
annual temperature of 46-59 °F (8-15 °C) 

Xeric: dry soils in which the limited amount of 
water available is not persent at optimum periods 
for plant growth; found in Mediterranean 
climates 

Source: Soil Science Society of America (2013) 
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The soil CO2 flux (i.e., from the land to the atmosphere) is normally low under dry conditions due to low 

root and microbial activities, and generally increases with soil water content, but can show decreases 

under waterlogged conditions.
1147

 Furthermore, while some snow manipulation experiments have 

produced marked increases in nutrient leaching losses and nitrous oxide flux, others have shown more 

muted effects.
1148

 Much of the variation in response appears to be linked to dissolved organic carbon, 

which sometimes increases in response to soil frost, dampening the nitrogen response, but sometimes 

does not.
1149

 

Many of the key ecosystem effects of winter climate change are driven by changes in snow cover, which 

affects soil freezing and patterns of seasonal runoff.
1150

 Snow is an effective insulator for soils, and it 

buffers soil temperatures at the threshold between freezing and thawed conditions.
1151

 A lack of snow can 

produce the somewhat surprising phenomenon of colder/frozen soils in a warmer world.
1152

 However, it is 

not clear how the cooling effects of loss of snow insulation will play out against warming air temperatures 

and decreased albedo to ultimately determine the nature and extent of soil frost.
1153

  

Soil temperature has marked effects on root characteristics (growth, morphology, longevity, respiration, 

and membrane fluidity), which influence plant nutrient acquisition efficiency.
1154

 Soil CO2 flux (i.e., from 

land to the atmosphere) also increases with increasing temperature, and this relationship is usually 

described using an exponential (Arrhenius) equation.
1155

 Furthermore, soil warming in northern forests 

results in faster decomposition and microbial processing of soil carbon and nitrogen, which directly 

releases more CO2 to the atmosphere because of enhanced soil respiration.
1156

 By increasing nitrogen 

mineralization rates, soil warming can have an indirect nitrogen fertilization effect, which generally 

increases above-ground production and lowers carbon allocation to fine root biomass.
1157

 The net 

ecosystem carbon balance in response to warming depends largely on the counteracting effects of carbon 

release through increased soil respiration and carbon sequestration through increased biomass growth.
1158

 

                                                      
1147

 Nearly verbatim from Peng et al. (2008, p. 94). Forest management and soil respiration: implications for carbon 

sequestration. Peng et al. cite Londo et al. (1999) for this information. 
1148

 Nearly verbatim from Grimm et al. (2012, p. 3-16). Grimm et al. cite Austnes & Vestgarden (2008), Hentschel 

& others (2008), and Hentschel & others (2009) for this information. 
1149

 Verbatim from Grimm et al. (2012, p. 3-16). Grimm et al. cite Groffman & others (2011) and Haei & others 

(2010) for this information. 
1150

 Verbatim from Grimm et al. (2012, p. 3-16). Grimm et al. cite Brooks & others (2011) for this information. 
1151

 Verbatim from Hennon et al. (2012, p. 151) 
1152

 Nearly verbatim from Grimm et al. (2012, p. 3-16) 
1153

 Verbatim from Grimm et al. (2012, p. 3-16). Grimm et al. cite Venalainen & others (2001), Decker & others 

(2003), Henry (2008), and Campbell & others (2010) for this information. 
1154

 Verbatim from Lynch & St. Clair (2004, p. 108). Mineral stress: the missing link in understanding how global 

climate change will affect plants in real world soils. Lynch & St. Clair cite BassiriRad (2000) for this information. 
1155

 Nearly verbatim from Peng et al. (2008, p. 94). Peng et al. cite Lloyd & Taylor (1994) for this information. 
1156

 Verbatim from Anderson-Teixeira et al. (2013, p. 7). Anderson-Teixeira et al. refer the reader to Table S2 in the 

cited article for this information. Anderson-Teixeira et al. also cite Rustad et al. (2001) and Melillo et al. (2002, 

2011) for this information. 
1157

 Verbatim from Anderson-Teixeira et al. (2013, p. 7). Anderson-Teixeira et al. refer the reader to Figure 3 in the 

cited article for this information. Anderson-Teixeira et al. also cite Zhou et al. (2011) for this information. 
1158

 Verbatim from Anderson-Teixeira et al. (2013, p. 7). Anderson-Teixeira et al. refer the reader to Figure 3 in the 

cited article for this information.  
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Observed Trends 

Global 

Soil is a major source of atmospheric CO2 and an integral part of the global carbon cycle.
1159

 The 

evolution of CO2 from the soils is the second largest flux in the carbon budget of forest ecosystems and is 

therefore one of the key components in the carbon cycle at regional and global scales.
1160

 It amounts to 

60-90% of total ecosystem respiration and is a major portion of the global carbon cycle.
1161

 Soil organic 

carbon pools may store as much as 90% of the carbon in terrestrial ecosystems but can also vary widely in 

response to woody plant encroachment (from -6,200 grams of carbon per square meter, g C m
-2

, to +2700 

g C m
-2

).
1162

 Therefore, even a small impact on soil, the soil CO2 flux (i.e., from land to atmosphere) 

could have profound effects on changes in atmospheric CO2 concentration.
1163

  

Southcentral and Southeast Alaska 

In Alaska, higher temperatures over the last century have led to changes in the length of the growing 

season for terrestrial ecosystems, and increased evapotranspiration in response to warming is also leading 

to an overall decline in spring soil moisture.
1164

 

Western British Columbia 

Across B.C. as temperature and radiation increase in spring, the demand for water increases while 

monthly precipitation decreases, resulting in soil water deficits in many zones.
1165

 As precipitation 

increases in late September and October, most soils are replenished, although the driest sites do not fully 

recharge until late November.
1166

 

                                                      
1159

 Verbatim from Peng et al. (2008, p. 94). Peng et al. cite Elberling (2007) for information on soil as a source of 

atmospheric CO2 and Schlesinger & Andrews (2000) for information on soil as a part of the global carbon cycle. 
1160

 Verbatim from Peng et al. (2008, p. 96). Peng et al. cite Gower et al. (1996) for information on the evolution of 

CO2 from soil being the second largest flux in the carbon budget of forest ecosystems. Peng et al. cite Raich & 

Schlesinger (1992) and Gower et al. (1996) for information on soil CO2 as a component of the carbon cycle. 
1161

 Verbatim from Peng et al. (2008, p. 96). Peng et al. cite Goulden et al. (1996), Schlesinger & Andrews (2000), 

and Davidson et al. (2006) for information on total ecosystem respiration. Peng et al. cite Raich & Schlesinger 

(1992), Schlesinger (1997), and Marland et al. (2001) for information on soil CO2 as a major portion of the global 

carbon cycle. 
1162

 Nearly verbatim from Peterman & Bachelet (2012, p. 168). Peterman & Bachelet cite Schlesinger (1997) for 

information on soil organic carbon holding up to 90% of carbon in terrestrial ecosystems. Peterman & Bachelet cite 

Barger et al. (2011), Bragg & Hulbert (1976), Archer et al. (1988), Lane et al. (1998), Ansley & Castellano (2006), 

Briggs et al. (2002), Goslee et al. (2003), Jackson et al. (2000), Jackson et al. (2002), and Wessman et al. (2004) for 

information on the variability in soil organic carbon pools in response to woody plant encroachment. 
1163

 Verbatim from Peng et al. (2008, p. 96). Peng et al. cite Andrews et al. (1999) for this information. 
1164

 Verbatim from Peterman & Bachelet (2012, p. 167). Peterman & Bachelet cite Kimball et al. (2006) for 

information on the length of the growing season and Meehl & Stocker (2007) for information on spring soil 

moisture. 
1165

 Verbatim from Coops et al. (2010, p. 519) 
1166

 Verbatim from Coops et al. (2010, p. 519) 
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Pacific Northwest 

Alpine soils generally are drier than subalpine soils because they contain less organic matter and are less 

mature.
1167

 Soil parent material generally is coarse-textured in mountain provinces, although fine-grained 

soil accumulates in and near small tarns, ridgetops, flat benches, and cirque basins from deposition of 

loess (i.e., wind-deposited sediment) and volcanic ashes.
1168

 In all regional mountain ranges, there are 

wetter west-slope and drier east-slope conditions.
1169

 Dry periods can lead to difficult moisture conditions 

late in growing seasons on south-facing slopes.
1170

 Soil temperature regimes found in the alpine and 

subalpine zones are quite cold and are classified as cryic, meaning a range of approximately 32-46 °F (0-8 

°C).
1171

 

At five mature, closed-canopy forest stands dominated by Douglas-fir in western Oregon, soil 

temperature typically reached 9 °F (~ -13 °C) at the mid-elevation sites in May and at the high elevation 

sites in June.
1172

 Soil temperature at the Coast site was consistently > 9 °F (>-13 °C) throughout the 

year.
1173

 Growth was assumed not to occur when the average soil temperature was < 9 °F (>-13 °C).
1174

 

In the Oregon Cascades, “red” soil conditions caused by severe soil heating alter soil nutrients and 

microbial community structure compared to less severely burned black soils.
1175

 Hebel et al.’s (2009) 

study revealed that red soils were highly nutrient-limited and exhibited reduced microbial abundance, 

arbuscular mycorrhizal (AM) fungal propagules, and plant growth.
1176

 Specific results for nutrient 

limitation and microbial abundance include: 

 Nutrient-limitation: Net mineralizable nitrogen and available soil phosphorus were substantially 

reduced in red soil by 73% and 71%, respectively.
1177

 The severe loss of organic matter in red soil 

resulted in 71% less soil carbon than black soil, strongly contributing to the microbial community 

differences between red and black soil.
1178

 Overall, the severely burned red soil examined by 

Hebel et al. (2009) contained 71%, 69%, and 71% less total soil carbon and nitrogen, and less 

plant available phosphorus, respectively, than the less severely burned black soil.
1179

 

                                                      
1167

 Verbatim from Rochefort et al. (2006, p. 244) 
1168

 Nearly verbatim from Rochefort et al. (2006, p. 245) 
1169

 Verbatim from Rochefort et al. (2006, p. 245) 
1170

 Verbatim from Rochefort et al. (2006, p. 245) 
1171

 Nearly verbatim from Rochefort et al. (2006, p. 246) 
1172

 Nearly verbatim from Beedlow et al. (2013, p. 175). The importance of seasonal temperature and moisture 

patterns on growth of Douglas-fir in western Oregon, USA. 
1173

 Verbatim from Beedlow et al. (2013, p. 175) 
1174

 Verbatim from Beedlow et al. (2013, p. 175) 
1175

 Nearly verbatim from Hebel et al. (2009, p. 158). Invasive plant species and soil microbial response to wildfire 

burn severity in the Cascade Range of Oregon. 
1176

 Verbatim from Hebel et al. (2009, p. 158) 
1177

 Verbatim from Hebel et al. (2009, p. 158). Hebel et al. refer the reader to Table 5 in the cited article for this 

information. 
1178

 Verbatim from Hebel et al. (2009, p. 153) 
1179

 Nearly verbatim from Hebel et al. (2009, p. 157) 
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 Reduced microbial abundance: In the freshly collected soil, total microbial biomass, as 

represented by phospholipid fatty acid analysis, was 60.9% lower in the red soil compared to 

black soil.
1180

  

Northwest California 

Information needed. 

Future Projections 

Global 

Climate change is predicted to reduce the amount of carbon stores in soils world-wide.
1181

 Modifications 

to the overall water balance and soil water dynamics of ecosystems are anticipated to affect most major 

ecosystem processes (Figure 30).
1182

  

 

Studies generally suggest that soil warming enhances nutrient uptake.
1183

 Although results from 32 

individual sites showed considerable variation in response to warming, results from the meta-analysis 

showed that, across all sites and years, 2–9 years of experimental warming in the range of 0.5-11 °F (0.3-

6.0 °C) significantly increased soil respiration rates by 20%, net nitrogen mineralization rates by 46%, 

                                                      
1180

 Verbatim from Hebel et al. (2009, p. 153). Hebel et al. refer the reader to Table 3 in the cited article for this 

information. 
1181

 Verbatim from Kareiva et al. (2012, Table 4.1). Kareiva et al. cite Parton & others (1995) for this information. 
1182

 Verbatim from Knapp et al. (2008, p. 1). Knapp et al. refer the reader to Figure 6 in the cited article for this 

information.  
1183

 Verbatim from Lynch & St. Clair (2004, p. 108). Lynch & St. Clair cite BassiriRad (2000) for this information. 

Figure 30. Hypothesized responses of mesic, xeric, 

and hydric ecosystems to extreme rainfall patterns 

characterized by fewer, but larger, individual events. 

We anticipate that extreme rainfall patterns will 

uniquely modify hydrological and ecological processes 

contingent on the ambient rainfall regimes of these 

systems. More extreme rainfall regimes are 

hypothesized to reduce soil water in mesic systems by 

increasing runoff and deep drainage, but increase it in 

xeric systems by increasing percolation depth and 

decreasing evaporative losses. The responses of hydric 

systems are predicted to be more similar to those of 

xeric ecosystems, because stress (anoxic) conditions 

will be alleviated more frequently. Increased (upward-

pointing arrow), decreased (downward-pointing 

arrow), or neutral (right-pointing arrow) responses 

relative to ambient rainfall regimes represent 

hypotheses, because few empirical studies have 

focused on this aspect of climate change.  

Source: Reproduced from Knapp et al. (2008, Figure 

6, p. 8) by authors of this report. 
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and plant productivity by 19%.
1184

 The response of soil respiration to warming was generally larger in 

forested ecosystems compared to low tundra and grassland ecosystems, and the response of plant 

productivity was generally larger in low tundra ecosystems than in forest and grassland ecosystems.
1185

 

With the the exception of aboveground plant productivity, which showed a greater positive response to 

warming in colder ecosystems, the magnitude of the response of these three processes to experimental 

warming was not generally significantly related to the geographic, climatic, or environmental variables 

evaluated in the analysis.
1186

 

Potential interactions of global change with mineral stress in soils have also been evaluated. Affected soil 

processes include: 

 Transpiration-driven mass flow: Global change variables that affect transpiration (e.g., CO2, 

relative humidity, precipitation, light, temperature) should also affect the acquisition of these 

nutrients (i.e., nitrate, sulfate, calcium, magnesium, silicon).
1187

 Effects of global change variables 

on silicon transport to leaves are unknown but could have important ecological consequences.
1188

 

 Root growth and architecture: Elevated atmospheric CO2 generally increases plant carbon 

allocation to belowground processes, including root growth, respiration, and exudation.
1189

 

Belowground effects of elevated CO2 could have positive or negative feedbacks on plant 

productivity depending on nutrient availability and other belowground processes, including 

sequestration of carbon into soil pools.
1190

 Further, Knapp et al. (2008) predict that an increase in 

large rainfall events would favor the growth of more deeply rooted species in both mesic and 

xeric ecosystems, but for different reasons.
1191

 In xeric ecosystems, greater soil water storage at 

depths where evaporation is less likely would promote deeper rooting strategies, whereas in mesic 

ecosystems, frequent drying of upper soil layers would negatively affect shallow-rooted 

herbaceous species that currently depend on a greater frequency of smaller rainfall events.
1192

  

 Mycorrhizal symbioses: The effects of elevated CO2 and temperature on arbuscular mycorrhizas 

appears to be mainly indirect, i.e., mediated by plant growth responses, rather than direct.
1193

 

Numerous studies show increased resource allocation to mycorrhizal roots in plants exposed to 

                                                      
1184

 Nearly verbatim from Rustad et al. (2001, p. 543-544). A meta-analysis of the response of soil respiration, net 

nitrogen mineralization, and aboveground plant growth to experimental ecosystem warming. Note: Rustad et al. 

reported 95% confidence intervals for these results: 18% to 22% for soil respiration, 30% to 64% for net nitrogen 

mineralization, and 15% to 23% for plant productivity. 
1185

 Verbatim from Rustad et al. (2001, p. 544) 
1186

 Nearly verbatim from Rustad et al. (2001, p. 544) 
1187

 Nearly verbatim from Lynch & St. Clair (2004, p. 105) 
1188

 Verbatim from Lynch & St. Clair (2004, p. 105) 
1189

 Verbatim from Lynch & St. Clair (2004, p. 105). Lynch & St. Clair cite Gorissen (1996), Gregory et al. (1996), 

and Rogers et al. (1996) for this information. 
1190

 Verbatim from Lynch & St. Clair (2004, p. 105). Lynch & St. Clair cite Zak et al. (1993) and Berntson & 

Bazzaz (1996) for information on the belowground effects of elevated CO2 on plant productivity. 
1191

 Nearly verbatim from Knapp et al. (2008, p. 9). Knapp et al. cite Schenk & Jackson (2002) for information on 

broadscale rooting patterns. 
1192

 Verbatim from Knapp et al. (2008, p. 9). Knapp et al. cite Schwinning & Ehleringer (2001) and Huxman et al. 

(2004a) for this information. 
1193

 Verbatim from Lynch & St. Clair (2004, p. 106). Lynch & St. Clair cite Staddon et al. (2002) for this 

information. 
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elevated CO2.
1194

 This may reflect the relative importance of edaphic constraints to plant growth 

in most ecosystems.
1195

 

 Root exudates (i.e., compounds that leak from roots during the growth and expansion of root 

sections or from broken cells at the exit points of lateral roots): In some studies, elevated CO2 

caused no effect on root exudates, while in others it decreased root exudates but altered exudates 

composition.
1196

 Elevated CO2 increases rhizosphere respiration, but it is not clear whether this is 

due to increased exudates per unit root surface area or simply increased root growth.
1197

  

 Biological nitrogen fixation: Plant taxa capable of symbiotic nitrogen fixation are more 

responsive to elevated CO2 than nonfixing taxa because they can directly utilize additional 

photsynthate to alleviate nitrogen limitation.
1198

 More severe drought intervals interspersed 

between infrequent, large rainfall events may produce pulses in soil nutrient availability, because 

available soil nitrogen increases during drought periods, when plant absorption is suppressed to a 

greater extent than nitrogen mineralization.
1199

 Consequently, the availability of soil water will 

coincide with high nitrogen levels during subsequent rainfall events, resulting in altered patterns 

of resource availability, with plant access determined by the species that can recover most rapidly 

from drought.
1200

 The ability to adjust to these potential modifications in spatial and temporal 

patterns of resource availability may vary among species, potentially altering competitive 

interactions and the conditions that determine recruitment, plant establishment, and invasion.
1201

 

 Tissue dilution: Elevated CO2 can increase carbon gain in C3 plants, which can dilute tissue 

nutrient concentration.
1202

 For plants grown at double the current CO2 concentration, the C:N ratio 

increases on average about 15%.
1203

 Dilution effects for phosophorus are uncertain due to a small 

number of observations and variable results.
1204

 

 Metal photochemistry: Plants suffering sub-optimal availability of magnesium and transition 

metals because of high soil pH, base imbalances, aluminum toxicity, and manganese toxicity may 

be more sensitive to global change than healthy plants.
1205

 Further, a number of global change 

                                                      
1194

 Nearly verbatim from Lynch & St. Clair (2004, p. 106) 
1195

 Nearly verbatim from Lynch & St. Clair (2004, p. 106) 
1196

 Nearly verbatim from Lynch & St. Clair (2004, p. 106-107). Lynch & St. Clair cite Norby et al. (1987), Hodge 

(1996), and Uselman (2000) for information on elevated CO2 having no effect on root exudates. Lynch & St. Clair 

cite Hodge & Millard (1998) and Hodge et al. (1998) for information on elevated CO2 decreasing or altering the 

composition of root exudates. 
1197

 Verbatim from Lynch & St. Clair (2004, p. 107). Lynch & St. Clair cite Zak et al. (2000) and Nguyen (2003) for 

this information. 
1198

 Verbatim from Lynch & St. Clair (2004, p. 107) 
1199

 Verbatim from Knapp et al. (2008, p. 9). Knapp et al. cite Seastedt & Knapp (1993), Augustine & McNaughton 

(2006), and Yahdjian et al. (2006) for this information. 
1200

 Verbatim from Knapp et al. (2008, p. 9). Knapp et al. cite Gebauer & Ehleringer (2000) for this information. 
1201

 Verbatim from Knapp et al. (2008, p. 9). Knapp et al. cite Lloret et al. (2004) and Peñuelas et al. (2004) for this 

information. 
1202

 Verbatim from Lynch & St. Clair (2004, p. 107) 
1203

 Verbatim from Lynch & St. Clair (2004, p. 107). Lynch & St. Clair cite Gifford et al. (2000) for this 

information. 
1204

 Verbatim from Lynch & St. Clair (2004, p. 107). Lynch & St. Clair cite Gifford et al. (2000) for this 

information. 
1205

 Verbatim from Lynch & St. Clair (2004, p. 107) 
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variables can increase the formation of reactive oxygen species, including ozone, high light, UV 

radiation, temperature extremes, and drought.
1206

  

Southcentral and Southeast Alaska 

Future changes in snow and ice will have cascading effects on the competition and soil nutrient cycling of 

coastal temperate forests.
1207

 

Western British Columbia 

Very little is known about impacts of climate change on soils in B.C.
1208

 Soils are living systems, with far 

greater species diversity than aboveground, and soil biology will likely present an important limitation to 

plant migration.
1209

 There is growing evidence that changes in soil biology can cause ecosystems to 

collapse to an alternative regime that will hinder migration of species (other than weeds).
1210

 

Regarding soil water, the trajectory of soil water stress across B.C.’s biogeoclimatic zones by the last 

three decades of the century shows an abrupt increase in water stress in May and June compared with 

current conditions in most biogeoclimatic zones (vs. 1961-1990; CGCM2 under A2x, an ensemble 

average of the three A2 runs).
1211

 Still, soils are expected to recharge fully during the winter, but in late 

spring, reductions in precipitation toward the end of the century are likely to cause major limitations in 

available soil water in July and in subsequent months for some interior biogeoclimatic zones.
1212

 

Pacific Northwest 

Simulations for 6000 calendar years Before Present (cal yr BP) and A.D. 2050-2059 show similar patterns 

of soil moisture, particularly in the mountains of the northwestern U.S. (Figure 31).
1213

 The similar 

patterns of simulated summer soil moisture anomalies for 6000 cal yr BP and A.D. 2050-2059 suggest 

that future climate changes could create soil moisture conditions similar to those that occurred during 

times in the Holocene when fire frequencies were higher.
1214

 

Northwest California 

Information needed. 

Information Gaps 

Additional information is needed on observed trends and future projections throughout the NPLCC 

region, as few studies have been completed to date. A significant challenge is that soils have not been 

                                                      
1206

 Verbatim from Lynch & St. Clair (2004, p. 107). Lynch & St. Clair cite Foyer et al. (1994) for this information. 
1207

 Verbatim from Wolken et al. (2011, p. 25) 
1208

 Verbatim from Pojar (2010, p. 20) 
1209

 Verbatim from Pojar (2010, p. 20) 
1210

 Verbatim from Pojar (2010, p. 20). Pojar cites Perry (1995) for this information. 
1211

 Nearly verbatim from Coops et al. (2010, p. 519) 
1212

 Nearly verbatim from Coops et al. (2010, p. 519) 
1213

 Verbatim from Whitlock et al. (2003, p. 14). Whitlock et al. refer the reader to Figure 3 in the cited article for 

this information. 
1214

 Verbatim from Whitlock et al. (2003, p. 15) 
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mapped in many subalpine and alpine areas of the Northwest.
1215

 To fill knowledge gaps in the 

understanding of ecological responses to more extreme rainfall regimes, Knapp et al. (2008) suggest that 

research programs focus on the need for (a) enhanced documentation and projection of intra-annual 

precipitation patterns at local, regional, and global scales; (b) greater insight into the direct effects of these 

modified rainfall delivery patterns on ecosystem structure and function, as well as interactions with other 

global change drivers; and (c) greater understanding of how modifying the dynamics of the ecosystem 

water balance may influence various biotic groups, with special emphasis on their responses to increased 

variability in soil water availability and stress levels.
1216

 There is a clear need for field experimentation 

combined with systems modeling to address this understudied component of climate change.
1217

  

In addition, feedbacks from ecosystem processes to climate change, primarily via the enhanced 

production of greenhouse gases, need further study.
1218

 Key variables appear to be soil moisture and its 

correlates (water-holding capacity, water-filled pore space) and redox, which are influenced by soil water 

in terrestrial ecosystems but subject to feedbacks from productivity in aquatic ecosystems.
1219

 

                                                      
1215

 Verbatim from Rochefort et al. (2006, p. 245) 
1216

 Nearly verbatim from Knapp et al. (2008, p. 9) 
1217

 Verbatim from Knapp et al. (2008, p. 9). Knapp et al. cite Weltzin et al. (2003) and Jentsch et al. (2007) for this 

information. 
1218

 Verbatim from Grimm et al. (2012, p. 3-37) 
1219

 Verbatim from Grimm et al. (2012, p. 3-37) 

Figure 31. Mean summer (July–September) soil moisture anomalies (mm) for 6000 cal year BP (left) and A.D. 2050–

2059 (10-year mean) (right) compared to present (A.D. 1951–1980, 30-year mean) in the northwestern US. The 

Olympic Mountains, Cascade Range, and Rocky Mountains display similar patterns of negative summer soil moisture 

anomalies for both time periods, indicating slightly drier soils in summer in these regions as compared with present 

conditions. Climate data: A.D. 1951–1980 (Thompson et al., 1999); 6000 cal year BP, CCM3 (Bonan, 1996); A.D. 

2050–2059, HADCM2 HCGSa (Mitchell and Johns, 1997). Soil data: CONUS-Soil (Miller and White, 1998). 

Source: Reproduced from Whitlock et al. (2003, Figure 3, p.14) by authors of this report. 
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Discussion. Yellow-cedar, Yellow-cedar Decline, & Competition with 

Western Redcedar 

Yellow-cedar and redcedar are abundant in the 

coastal temperate rainforest of the Pacific 

Northwest.
1220

 Redcedar also has a substantial 

inland distribution in the Rocky Mountains in 

eastern British Columbia, and further south in 

Idaho and Montana.
1221

 Yellow-cedar is limited 

to high elevations throughout most of its range, 

especially in the southern portion, which 

extends to the California–Oregon border.
1222

 To 

the north, especially in Alaska, yellow-cedar 

grows from sea level to near timberline.
1223

 

Yellow-cedar and redcedar populations extend 

north into southeast Alaska, but redcedar 

reaches the northern limit of its range at about 

57° north latitude (near Sitka).
1224

  

Locally, the yellow-cedar niche is strongly 

controlled by an affinity for wet soils.
1225

 It is 

in these northern locales that the extensive 

mortality known as yellow-cedar decline 

occurs.
1226

 The cumulative knowledge of 

yellow-cedar decline suggests that many 

interacting site and stand structure factors 

contribute to exposure freezing injury and 

possible tree death (Figure 32).
1227

 Overall, the 

cause of yellow-cedar decline is influenced by 

climate that encouraged shallow rooting that 

was historically protected by snowpack, that 

more recently produced frequent warming in 

the winter that favored limited cold hardening, 

                                                      
1220

 Verbatim from D’Amore et al. (2009, p. 2262). Adaptation to exploit nitrate in surface soils predisposes yellow-

cedar to climate-induced decline while enhancing the survival of western redcedar: A new hypothesis. 
1221

 Verbatim from D’Amore et al. (2009, p. 2262). D’Amore et al. cite Minore (1983) for this information. 
1222

 Verbatim from Hennon et al. (2012, p. 148). Shifting climate, altered niche, and a dynamic conservation 

strategy for yellow-cedar in the North Pacific coastal rainforest. 
1223

 Verbatim from Hennon et al. (2012, p. 148). Hennon et al. cite Harris (1990) for this information. 
1224

 Verbatim from D’Amore et al. (2009, p. 2262). D’Amore et al. cite USDA Forest Service (1953) for this 

information. 
1225

 Nearly verbatim from Hennon et al. (2012, p. 148). Hennon et al. cite Krajina (1969) and Neiland (1971) for this 

information. 
1226

 Verbatim from Hennon et al. (2012, p. 148) 
1227

 Verbatim from Hennon et al. (2010, p. 74). Hennon et al. refer the reader to Figure 2 in the cited article for this 

information. 

Figure 32. Cascading factors that contribute to 

yellow-cedar decline, culminating in fine-root 

mortality and tree death. The mitigating role of snow 

cover is shown. Tree death is a feedback that can 

expose adjacent trees to greater fluctuation in 

microclimate, thereby creating conditions for local 

spread of this forest decline. Numbers refer to studies 

on interacting factors.  

Source: Reproduced from Hennon et al. (2012, Figure 

3, p. 150) by authors of this report.  
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and that reduced the protection of roots by snow.
1228

 Shorter-term climate decadal oscillations exacerbate 

these latter two effects, which leads to pulses of mortality, such as that in the 1970s and 1980s.
1229

 

Competitive adaptations (i.e., of yellow-cedar and western redcedar) come at the risk of freezing injury to 

shallow roots, which was hidden as long as snow protected fine-roots from injury.
1230

 Yellow-cedar 

expresses this injury as mortality, while redcedar may show only limited injury.
1231

  

Observed Trends 

Yellow-cedar is an ecologically, economically, and culturally important tree species that has experienced 

dramatic mortality in Southeast Alaska and nearby British Columbia for about 100 years.
1232

 The 

initiation of yellow-cedar decline in about 1900 approximately coincides with warming in the late 1800s 

that marked the end of the Little Ice Age (1400s-1800s).
1233

 The ages of live and dead yellow-cedar trees 

in declining forests indicate that most regenerated during this snowy period of the Little Ice Age, 

conceivably becoming abundant in the low elevation areas where they are now dying.
1234

 Yellow-cedar 

decline occurs in several thousand locations of concentrated mortality, totaling approximately 494,211 

acres (200,000 hectares, ha) in southeast Alaska.
1235

 Another 123,533 acres (50,000 ha) extend into 

adjacent British Columbia (Figure 33).
1236

 Ground-based plots reveal the intensity of tree death; 

approximately 70% of the mature yellow-cedar trees are dead in these declining forests, but some areas 

experience nearly complete mortality.
1237

 Decline at southern latitudes in British Columbia occurs 

considerably higher in elevation (i.e., 656-2297 feet; 200–700 meters).
1238

 Along northern latitudes, 

decline is found at lower elevations, until finally, at the northern extent, 57.6 degrees north (°N) in 

Alaska, tree death is expressed in a narrow, low-elevation band from sea level to only 492 feet (150 

meters).
1239

 Most of the tree death is on wet soils where, paradoxically, yellow-cedar was previously well 

                                                      
1228

 Verbatim from Hennon et al. (2012, p. 153) 
1229

 Verbatim from Hennon et al. (2012, p. 153) 
1230

 Nearly verbatim from D’Amore et al. (2009, p. 2266) 
1231

 Verbatim from D’Amore et al. (2009, p. 2266) 
1232

 Verbatim from Schaberg et al. (2008, p. 1). Influence of simulated snow cover on the cold tolerance and freezing 

injury of yellow-cedar seedlings. Schaberg et al. cite Hennon & Shaw (1997) and Hennon et al. (2005) for this 

information. 
1233

 Verbatim from D’Amore & Hennon (2006, p. 542). Evaluation of soil saturation, soil chemistry, and early 

spring soil and air temperatures as risk factors in yellow-cedar decline. D’Amore & Hennon cite Hennon et al. 

(1990c) for information on the initiation of yellow-cedar decline, Heusser (1952) for information on warming in the 

late 1800s, and Hebda (1995) for information on the length of the Little Ice Age. 
1234

 Verbatim from Hennon et al. (2010, p. 85). Influence of forest canopy and snow on microclimate in a declining 

yellow-cedar forest of southeast Alaska. Hennon et al. cite Viens (2001) for information on yellow-cedar 

regeneration during the snowy period and Hennon & Shaw (1994) for information on the Little Ice Age. 
1235

 Verbatim from Hennon et al. (2012, p. 148). Hennon et al. refer the reader to Figure 2, inset map, in the cited 

article for this information. 
1236

 Verbatim from Hennon et al. (2012, p. 148). Hennon et al. cite Hennon et al. (2005) and Westfall & Ebata 

(2009) for this information. 
1237

 Verbatim from Hennon et al. (2012, p. 148). Hennon et al. cite Hennon et al. (1990a) and D’Amore & Hennon 

(2006) for information on the intensity of tree death and refer the reader to Figure 1 in the cited article for 

information on near complete mortality in some areas. 
1238

 Verbatim from Hennon et al. (2012, p. 152). Hennon et al. cite Hennon et al. (2005), Westfall & Ebata (2009), 

and Wooton & Klinkenberg (2011) for this information. 
1239

 Verbatim from Hennon et al. (2012, p. 152) 
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adapted and competitive.
1240

 Affected stands are 

typically composed of long-dead, recently dead, dying, 

and some surviving trees, which suggests that 

mortality is long term and continuing.
1241

 

Research suggests adaptation to exploit nitrate in 

surface soils predisposes yellow-cedar to climate-

induced decline while enhancing the survival of 

western redcedar.
1242

 If redcedar harbors fewer fine-

roots in upper soil horizons and more roots in deeper 

mineral soil strata where calcium is less abundant, then 

redcedar may be somewhat less vulnerable to root 

injury associated with superficial freeze-thaw 

events.
1243

 There is some evidence that redcedar is not 

uniformly shallow rooted.
1244

 However, it is possible 

that redcedar is injured, but the damage is less severe 

and expressed differently than seen in yellow-

cedar.
1245

 

Future Projections 

A map of the 9.84-inch (250 mm) threshold of annual 

precipitation as snow (an indicator of yellow-cedar 

presence, based on detailed snow-accumulation 

models) indicates the changing snow conditions on 

Mount Edgecumbe (near Sitka, Alaska) and a future 

forecast in which snow accumulation adequate to 

protect superficial roots from freezing injury occurs 

only near the top of the mountain by the year 2080 

(2020, 2050, and 2080 vs.1961-1990; CGCM2 run 

with B2).
1246

 Further, individual cold-weather periods 

in the spring with the potential to cause proximal injury 

(i.e., to yellow-cedar) continue to be frequent events, 

even in a warming climate.
1247

  

                                                      
1240

 Verbatim from Hennon et al. (2012, p. 148). Hennon et al. cite Johnson & Wilcock (2002) for information on 

tree death on wet soils and Neiland (1971) and Hennon et al. (1990a) for information on yellow-cedar being well-

adapted and competitive previously on wet soils. 
1241

 Verbatim from Hennon et al. (2012, p. 148) 
1242

 Nearly verbatim from D’Amore et al. (2009, p. 2261) 
1243

 Verbatim from D’Amore et al. (2009, p. 2265) 
1244

 Verbatim from D’Amore et al. (2009, p. 2265). D’Amore et al. cite Bennett et al. (2002) for this information. 
1245

 Nearly verbatim from D’Amore et al. (2009, p. 2265) 
1246

 Nearly verbatim from Hennon et al. (2012, p. 152). Note: Hennon et al. are summarizing results from Wang et 

al. (2005). 
1247

 Verbatim from Hennon et al. (2012, p. 153) 

Figure 33. Natural distribution of yellow-cedar (Little 

1971), latitudinal extent of decline covering 

approximately 1000 kilometers (km), and decline on 

200,000 hectares in southeast Alaska (inset), mapped 

by aerial survey.  

Source: Reproduced from Hennon et al. (2012, Figure 

2, p. 149) by authors of this report. 
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Hennon et al. (2012) nested soil drainage within favorable climate envelopes, with an emphasis on 

adequate snow-cover levels, to define habitat suitability as the foundation for a conservation and 

management strategy for yellow-cedar.
1248

 They identified maladapted, persistent, and migration zones: 

 Maladaptation zone: One species that might substitute for yellow-cedar in its maladapted zone 

is western redcedar, which grows in some of the declining yellow-cedar forests at lower 

elevations in Alaska and British Columbia, south of latitude 57 °N.
1249

 The northern range extent 

and elevational limit of western redcedar suggest future warmer climate conditions will favor this 

tree in Alaska, which also appears to be the case in coastal British Columbia.
1250

 In southern 

southeast Alaska, D’Amore et al. (2009) have observed abundant vigorous-appearing redcedar 

growing under the large dead yellow-cedars.
1251

 The mixed yellow-cedar and redcedar stands 

maintain forest conditions, and observation suggests the redcedars may replace yellow-cedars 

where they coexist.
1252

 Monitoring changes in tree species is under way to evaluate any response 

in the regeneration and growth of western hemlock, mountain hemlock, and shore pine.
1253

 

 Persistence zone: At a more landscape scale, yellow-cedar appears healthy on well-drained soils, 

where it mixes with other species, even in areas of little snow accumulation, where adjacent dead 

cedar forests exist on wet soils.
1254

 It is on these productive sites that yellow-cedar roots more 

deeply and reaches its greatest stature but not its greatest competitive status.
1255

 Western hemlock 

and Sitka spruce can outcompete yellow-cedar through greater rates of reproduction and faster 

growth, but active forest management can favor yellow-cedar.
1256

  

 Migration zone: When favorable climate develops beyond its existing range, yellow-cedar may 

be particularly slow to migrate because of its low reproductive capacity.
1257

 Yellow-cedar is 

absent from much of the wide-spread forested wetland in these areas (i.e., toward the northeast), 

even though the conditions appear to be favorable for yellow-cedar and may have been so for 

thousands of years.
1258

 As a cautious step, Hennon et al. (2012) conducted a trial planting of 

yellow-cedar near Yakutat, Alaska, (an area of discontinuous occurrence for yellow-cedar but still 

within its range limits) to test the survival and growth of yellow-cedar where it did not previously 

grow.
1259

 The first-year survival rate was over 90%, which suggests that the targeted expansion of 

yellow-cedar is possible.
1260

 For additional information on assisted migration, please see Chapter 

IX.1. 

                                                      
1248

 Nearly verbatim from Hennon et al. (2012, p. 154) 
1249

 Verbatim from Hennon et al. (2012, p. 155) 
1250

 Nearly verbatim from Hennon et al. (2012, p. 155). Hennon et al. cite Hamann & Wang (2006) for this 

information. 
1251

 Verbatim from D’Amore et al. (2009, p. 2266) 
1252

 Verbatim from D’Amore et al. (2009, p. 2266) 
1253

 Verbatim from Hennon et al. (2012, p. 155) 
1254

 Verbatim from Hennon et al. (2012, p. 156) 
1255

 Verbatim from Hennon et al. (2012, p. 156). Hennon et al. cites Harris (1990) for this information. 
1256

 Verbatim from Hennon et al. (2012, p. 156) 
1257

 Verbatim from Hennon et al. (2012, p. 156). Hennon et al. cites Harris (1990) for this information. 
1258

 Nearly verbatim from Hennon et al. (2012, p. 156) 
1259

 Verbatim from Hennon et al. (2012, p. 156). Hennon et al. cite Hennon & Trummer (2001) for information on 

range limits for yellow-cedar. 
1260

 Verbatim from Hennon et al. (2012, p. 156) 
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