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6 TAIGA
L.H. Geiser and K. Nadelhoffer

6.2 Ecosystem Responses
Responses to increased nitrogen (N) deposition in 
boreal regions (which include Taiga and Northern 
Forests ecoregions) include increased productivity, 
foliar N concentration, and N leaching from soils, 
plant community changes (including vascular plants, 
bryophytes, lichens, and algae), and physiological changes. 
In boreal ecosystems and other largely oligotrophic 
environments, N is growth-limiting, and most plant 
species are adapted to low available N. As N availability 
increases, faster growing, but less N-use effi  cient species 
(more N taken up per unit growth) typically out-
compete slower growing species (Aerts and Chapin 
2000). Increasing N deposition alters plant community 
structure, often leading to a short-term “positive” response 
of increased productivity and vigor, followed by long-term 
changes in species composition and richness (Gough et 
al. 2000). Such community-level responses occur at low 
deposition rates and have been used to mark the low 
end of ecosystem N response (Bobbink et al. 2003, de 
Vries et al. 2007). In boreal forests, overall ground fl ora 
species number may not be aff ected by N enrichment, 
despite a drastic change in species composition, due to 
reciprocal increases in nitrophilous species with declines 
in typical species (Bobbink 2004). However, in peatland 
bogs, where high water levels and low pH prevent 
nitrophyte invasions (Allen 2004), decline in species 
richness is a more characteristic response.

Increased N supply is often accompanied by increased 
foliar N concentration, which in turn may increase 
susceptibility of vegetation to frost or diseases. Th is eff ect 
is documented for boreal forest trees (e.g., Aronsson 
1980, Balsberg-Påhlsson 1992, Kallio et al. 1985, 
Schaberg et al. 2002), for their common understory 
ericaceous species (e.g., Strengbom et al. 2002, 2003), 
and for bogs (e.g., Wiedermann et al. 2007). At higher 
deposition levels, as N is no longer completely taken up 
by vegetation or immobilized in soils, N saturation and 
leaching may occur (Lamontagne 1998; Lamontagne 
and Schiff  1999, 2000; Tamm et al. 1999).

6.1 Ecoregion Description
Th e Taiga ecoregion (CEC 1997; Figure 2.1) includes 
most of interior Alaska and much of Canada’s northern 
boreal forest. Th e ecoregion description is adapted 
from CEC (1997). Th e Alaskan portion is underlain by 
horizontal limestone, shale, and sandstones, creating 
a fl at to gently rolling plain covered with organic 
deposits, hummocky moraines, and lacustrine deposits; 
the eastern portion is underlain by the Canadian 
Shield. Lowlands are mostly peatlands and permafrost 
is widespread. Nutrient-poor soils dominate southern 
portions and permafrost soils occur in the north. Th e 
climate is subarctic: the short summers have long 
daylight and cool temperatures; winters are long and 
very cold. Snow and freshwater ice persist for 6 to 8 
months annually. Mean annual temperatures are -10 
to 0 oC; mean annual precipitation is 200 to 500 mm. 
Innumerable lakes, bogs, other wetlands, and forests 
are interspersed with tundra-like shrublands and sedge 
meadows. In the north, forests transition to woodlands 
with a lichen groundcover and fi nally merge into 
tundra at the climatic limits of tree growth. Mid-zone, 
dwarf birch (Betula nana), Labrador tea (Ledum spp.), 
willow (Salix spp.), bearberry (Arctostaphylos alpina), 
mosses, and sedges dominate. In the south, open stands 
of stunted black spruce (Picea mariana) and jack pine 
(Pinus banksiana) are accompanied by alder (Alnus 
spp.), willow, and tamarack (Larix larcinia) in fens 
and bogs. White spruce (Picea glauca),black spruce, 
lodgepole pine (Pinus contorta), quaking aspen (Populus 
tremuloides), balsam polar (Populus balsamifera), and 
paper birch (Betula papyrifera) grow on well drained, 
warm upland sites, rivers, and streams. Mat-forming 
lichens can constitute in excess of 60 percent of the 
winter food intake of caribou and reindeer (Longton 
1997). Th e abundant wetlands attract hundreds of 
thousands of birds (e.g., ducks, geese, loons, and swans) 
which come to nest, or rest and feed on their way to 
arctic breeding grounds.
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Th e severity of N deposition impacts depends on: 
duration and amount of N deposition, the form(s) 
of atmospheric N, the sensitivity of the ecosystem 
components; other environmental conditions; and 
management history (Bobbink et al. 2003). As a result, 
ecosystem response to N loading varies temporally, 
spatially, and by habitat type. Change or loss of habitats 
can have direct implications on the animals using these 
habitats.

6.3 Range of Responses Observed
Like the Tundra ecoregion, the paucity of North 
American studies and the many similarities in climate, 
topography, and vegetation communities across the 
circumboreal environment support consideration of 
European fi ndings to predict ecosystem N responses 
for North America. Th erefore, we include European 
data in this discussion of the range of observed 
responses. European analyses considered Taiga and 
Northern Forest ecoregions (CEC 1997) as a single 
boreal biogeographic region under the European 
University Information System (EUNIS) classifi cation 
system; hence the frequent use of the term ‘boreal’ 
in the following sections. Responses to N inputs are 
summarized in Table 6.1.

6.3.1 Deposition

Our knowledge of current N deposition and deposition 
eff ects in the North American taiga is limited. Wet 
deposition of inorganic N at the National Atmospheric 
Deposition Program (NADP) monitors at Denali 
National Park and Preserve and Fairbanks, Alaska, has 
been low and stable, averaging 0.23 kg ha-1 yr-1 (std. 
dev. = 0.129) from 1981 to 2007 (NADP 2008). Total 
nitrate (NO3

-) deposition in snow at two interior Alaska 
sites north of Fairbanks in 1988 was consistent with this 
range and averaged 0.32 kg N ha-1 (Jaff e and Zukowski 
1993). Recent measurements of N from ammonium 
(NH4

+) and NO3
- ions in throughfall deposition at 

remote sites in northeastern Alberta, Canada (Berryman 
and Straker 2008) ranged from 0.6 to 2.0 kg N ha-1 yr-1.

6.3.2 Forests and Woodlands

Plant community composition changes. A large number 
of studies, summarized by Bobbink et al. (2003), have 

demonstrated increases in abundance of nitrophilous 
species with increased N deposition over time and 
along N gradients. In Swedish boreal forests, changes 
in ground vegetation, e.g., decreasing whortleberry 
(Vaccinium myrtillus), occurred at deposition rates 
≥ 6 kg N ha-1 yr-1 (Nordin et al. 2005, Strengbom 
et al. 2003) and increased growth of wavy hairgrass 
(Deschampsia fl exuosa) at ≥ 5 kg N ha-1 yr-1 (Kellner and 
Redbo-Torstensson 1995, Nordin et al. 2005).

In an N fertilization experiment with 0, 12.5, and 50 
kg N ha-1 yr-1 (background atmospheric deposition 2 
to 3 kg N ha-1 yr-1), the abundance of wavy hairgrass 
increased signifi cantly after 3 years with 12.5 kg N ha-1 
yr-1 while the abundance of whortleberry decreased 
(Strengbom et al. 2002). Bryophyte species are also 
responsive; the biomass of Schreber’s big red stem moss 
(Pleurozium schreberi) and a dicranum moss (Dicranum 
polysetum) fertilized with 25 and 30 kg N ha-1 yr-1 was 
reduced by 60 percent and 78 percent, respectively, after 
4 years (Mäkipää 1998).

Pest and disease resistance. In a large-scale fi eld study 
of 557 coniferous stands in Sweden, the occurrences 
of whortleberry, lingonberry (Vaccinium vitis-idaea) 
and wavy hairgrass, were investigated (Strengbom et 
al. 2003). Where N deposition was ≥ 6 kg ha-1 yr-1, 
whortleberry was less frequent and more susceptible to 
the fungal leaf pathogen Valdensia heterodoxa. Frequency 
of lingonberry was also strongly negatively correlated 
with increasing N deposition (Strengbom et al. 2003).

Whortleberry showed increased parasite burdens at 
N fertilization ≥ 12.5 kg ha-1 yr-1 (Nordin et al. 1998, 
2005; Strengbom et al. 2002). Disease incidence by 
the fungus Valdensia heterodoxa was more than twice 
as high in plots receiving 12.5 kg N ha-1 yr-1 and more 
than three times as high in plots receiving 50 kg N ha-1 
yr-1 compared to controls. Th e abundance of the fungus 
V. heterodoxa on whortleberry was increased tenfold by 
25 kg N ha-1 yr-1 compared to 0.5 kg N ha-1 yr-1. As a 
consequence, whortleberry density decreased, and wavy 
hairgrass cover increased (Strengbom et al. 2002). In 
addition, shoots of whortleberry were signifi cantly more 
damaged by moth larvae such as the rusty tussock moth 
(Orgyia antique) after addition of 12.5 kg N ha-1 yr-1 in 
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the fi rst year of treatment (Nordin et al. 1998). Cover 
of wavy hairgrass continued to increase over 5 years 
of N additions between 8 and 12 kg ha-1 yr-1, induced 
by increased light penetration resulting from disease 
damage to whortleberry (Nordin et al. 2005).

Cold tolerance. Frost hardiness and plant tissue cold 
hardiness can be reduced by N additions. For example, 
after 12 years of fertilization with ammonium chloride 
(NH4Cl) at 15 kg N ha-1 yr-1, fi rst-year foliage in red 
spruce (Picea rubens) at a high elevation forest in New 
England (with ambient wet + dry deposition of ~10 kg 
N ha-1 yr-1) showed diminished cold tolerance, greater 
electrolyte leakage, and increased susceptibility to frost 
damage (Schaberg et al. 2002). Nutrient imbalances 
created by N and sulfur (S) fertilization and low 
potassium (K), phosphorus (P), and magnesium (Mg) 
status in southern Sweden and Denmark have been 
shown to increase the risk for development of cold 
temperature-related bark lesions in beech (Fagus spp.); 
advance bud burst of needles, putting young needles 
at risk for frost damage by a temperature backlash; 
and increase the frost-sensitivity of the inner bark and 
needles of Norway spruce (Picea abies) (Jönsson et al. 
2000, 2001, 2004a, 2004b).

N storage in cryptogam mats. Woodlands or tree-islands 
of pine with ground vegetation of mat-forming lichens 
are a common taiga vegetation type. In general, when 
inorganic N is received in low concentrations, either 
from natural rainfall (Hyvärinen and Crittenden 1998b) 
or applied in solution (Crittenden 1998), the estimated 
uptake effi  ciency of (non-N2-fi xing) mat-forming lichens 
has ranged from 90 to 100 percent. Internal recycling of 
N and P in mat-forming lichens improves nutrient-use 
effi  ciency and is likely ecologically important in N- and 
P-limited environments typical of the taiga (Crittenden 
et al. 1994, Kytöviita and Crittenden 2007). Much of 
the eastern portion of the Taiga ecoregion is underlain 
by the Canadian Shield and soils can be shallow and 
acidic. During a short-term experimental addition of 
40 kg N ha-1 yr-1 to a small catchment of boreal pine-
reindeer lichen (Pinus-Cladonia) forest in Ontario, 
Canada, the higher export of mineral N from lichen-
dominated bedrock surfaces compared to treed soil 
islands was attributed to the lower retention of N 

deposition in combination with leaching of mineralized 
N from lichen and moss patches (Lamontagne 1998). 
Net nitrifi cation increased or remained similar to 
reference sites in lichen patches, while N-amended forest 
islands had a strong tendency to consume NO3

- and 
produce NH4

+ (Lamontagne and Schiff  2000). By the 
second year, lichen-covered bedrock surfaces no longer 
retained N additions. In contrast, N-amended and 
reference forest islands retained a similar proportion of 
N inputs, indicating that forest islands did not become 
N saturated in this time frame. However, because 
the components of the boreal shield landscape are 
hydrologically connected, there is concern that long-
term N deposition to such a heterogeneous landscape 
will ultimately lead to N saturation of habitats with 
relatively high N retention capacities (Lamontagne and 
Schiff  1999). Finally, organic forms of N (e.g., free 
amino acids) serve as important plant N sources, and 
N deposition can disrupt the ratio between organic and 
mineral N supply in boreal soils (Näsholm et al. 1998, 
Nordin et al. 2001).

Epiphytic lichens and algae. Jack pine and black spruce 
boreal forests of northeastern Alberta were sampled 
at 5, 10, 15, 20, 25, 30, 50, 60, 80, 100, and 120 km 
along cardinal directions from the Athabasca Oil Sands 
operations, a major source of nitrogen oxide (NOx) and 
sulfur dioxide (SO2) emissions for Canada. Nitrogen 
and S in the mat-forming gray-green reindeer lichen 
(Cladina rangiferina) and in two epiphytes, a tube 
(Hypogymnia physodes) and ring (Evernia mesomorpha) 
lichen, decreased with distance and were elevated 
within 30 km of the operations. Lichen community 
composition was weakly correlated with distance: 
sensitive shrubby beard and horsehair lichens were less 
abundant and showed dwarfi ng, hyper-growth of asexual 
structures, discoloration of the lichen, and increased 
parasitism by fungi at sites close to the Athabasca Oil 
Sands (Berryman et al. 2004). Preliminary data indicate 
that N deposition in canopy throughfall under jack pine 
forests at clean sites ranges from 0.6 to 2.0 kg ha-1 yr-1, 
increasing to 3.0 kg ha-1 yr-1 at sites near the mines. A 
new study is under way to relate deposition measures 
and modeled estimates of N and S to lichen response 
and to elucidate the relative roles of SO2, NOx, metals, 
and alkaline dust from mining operations in observed 
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community responses (Berryman and Straker 2008). 
Th e correlation of N accumulated by lichen thalli with 
measures of deposition or distance from a point source is 
consistent with other studies in boreal forests in Eurasia 
(Bruteig 1993, Crittenden 2000, Crittenden et al. 
1994, Hyvärinen and Crittenden 1998a, Walker et al. 
2003). Information on lichen research methodology and 
terminology can be found in Chapter 4 of this report.

During a 10-year monitoring period in Sweden, 
patterns for sensitive epiphytic lichens were opposite to 
those observed for algae (Bråkenhielm and Quinghong 
1995). Th e number of individuals, total cover, and 
proportion of sensitive lichens decreased with growing 
season length and with increasing N and S deposition; 
the fi rst marked decrease occurred as N deposition 
exceeded 5 to 8 kg N ha-1 yr-1. In contrast, colonization 
rate and colony thickness of epiphytic green algae 
(mainly Protococcus viridis) increased with increases in 
deposition and growing season length, especially as N 
deposition exceeded 12 kg ha-1 yr-1. Poikolainen et al. 
(1998) observed increases in the abundance of green 
algae on conifers at lower deposition levels than did the 
Swedish researchers. Based on observations from 3009 
permanent Finnish forest plots between 1985 and 1995, 
increased algal cover was associated with N deposition 
levels as low as 3 kg ha-1 yr-1. Nitrogen concentration 
in the epiphytic tube lichen, Hypogymnia physodes, 
the splendid feather moss (Hylocomium splendens), 
Schreber’s big red stem moss, and bark of Scots pine 
(Pinus sylvestris) were also correlated with N deposition. 
Temperature was confounded with N and S deposition 
in both studies, as both temperature and deposition 
decrease in more northerly latitudes. 

Additions of N can cause changes in physiology and 
ultrastructure in common lichens of taiga ecosystems. In 
an electron microscopy study of the epiphytic horsehair 
(Bryoria capillaris) and tube (Hypogymnia physodes) 
lichens, treatments of 560 μg m-3 nitrogen dioxide 
(NO2) or 10 mM sodium nitrate (NaNO3), ammonium 
chloride (NH4Cl), and ammonium nitrate (NH4NO3) 
induced accumulation of electron-opaque substances 
in the vacuoles of both the algal and fungal cells and 
general degeneration of the fungal cells (Holopainen 
and Karenlampi 1985). Th is demonstrates that N 

additions can infl uence cellular structure and metabolic 
processes in lichens—an important functional group in 
both boreal and arctic regions. See Chapter 5 (Tundra) 
for descriptions of eff ects on mat-forming and other 
terricolous lichens.

Ectomycorrhizal fungi. Th ere is no information on 
ectomycorrhizal community responses to N in the 
Taiga ecoregion. We postulate that, given the climate, 
species composition and soils, white and black spruce 
dominated ecosystems may have similar deposition 
thresholds to those seen in spruce forests of the same 
species in coastal Alaska (see Chapter 9, West Coast 
Marine Forests) and to those of the spruce-fi r forests of 
the northeastern United States (see Chapter 7, Northern 
Forests).

6.3.3 Ericaceous Shrublands (Heaths)

Heathlands are dwarf shrub communities that 
form on shallow peat or drained soils. Nitrogen-
enrichment responses of heathland plant communities 
are characterized by increased growth of grasses 
and decreased growth of dwarf shrubs, lichens, and 
bryophytes (Allen 2004). Initially, shrubs respond 
to N additions with increased growth and tissue 
N concentrations, and the fi rst adverse eff ects are 
shade-induced declines in lichen and bryophyte cover 
(Cornelissen et al. 2001). However, long-term N 
enrichment decreases root biomass and increases the 
susceptibility of shrubs to insect attack and frost. Th ese 
eff ects, together with increased competition from 
grasses, cause a deterioration of the dominant shrub 
community. During a 5-year fertilization study (10.8 
kg ha-1 yr-1 modeled ambient total deposition plus a 
10 kg N ha-1 yr-1 application) of low-alpine heather 
(Calluna vulgaris) heaths in the Cairngorm Mountains 
of Scotland, species richness was reduced by exposure 
to added N deposition (Britton and Fisher 2007). 
Th e lichen component of the vegetation was most 
sensitive to N additions, although vascular plants were 
also aff ected via interactions with climate (Britton and 
Fisher 2007). Curtis et al. (2005) used isotope tracers in 
other European heaths and moorlands to demonstrate 
that bryophytes and lichens were important sinks for 
N deposition, reducing the amount of inorganic N 
available to both higher plants and soil microbes in 
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grassland and ericoid shrub-dominated catchments. 
However, as N deposition increased from 2 to 30 kg 
ha-1 yr-1, these sinks became saturated and cryptogam 
biomass decline was accompanied by increased NO3

- 
leaching (see also Emmett 2007).

6.3.4 Peatlands

Peatlands are moss-dominated bogs and fens that are 
prevalent in the Taiga ecoregion. About 43 percent 
of Alaska can be classifi ed as wetlands, much of that 
peatlands, contrasting strongly with the contiguous 
48 states where wetlands comprise barely 5 percent of 
the total land area (Hall et al. 1994). Th e sensitivity of 
peatlands to N deposition decreases along a poor-to-rich 
productivity gradient from ombrotrophic bogs, which 
receive nearly all nutrient inputs from the atmosphere, 
to poor and rich fens, which receive additional nutrients 
from slow moving ground water and mineral sources 
(Vitt et al. 2003). Th e general progression of N 
deposition eff ects is: 

At 0.7 to 8.1 kg N ha1) -1 yr-1 peat accumulation 
increases with N deposition due to increases in 
net photosynthesis and growth of previously 
N-limited mosses (Moore et al. 2004, Vitt et al. 
2003). With average bulk deposition of 0.81 kg 
N ha-1 yr-1 and 1.14 kg S ha-1 yr-1 from 2005 to 
2008, a dominant sphagnum moss (Sphagnum 
fuscum) in 10 remote bogs across northeastern 
Alberta was N-limited, and no diff erences in 
moss growth or net primary productivity were 
observed compared to previously published 
values for this area (Wieder et al. 2010).Th ere 
are some indications that net photosynthesis 
in this sphagnum species may peak as early as 
3 kg N ha-1 yr-1 in some Canadian peatlands 
(Vitt et al. 2003). (Oligotrophic mosses are the 
predominant N-sink and biomass in peatlands).

At 12 to 18 kg N ha2) -1 yr-1, growth rates do not 
increase further and mosses begin to accumulate 
foliar N (Lamers et al. 2000, Moore et al. 2004, 
Vitt et al. 2003).

At >18 kg N ha3) -1 yr-1, the natural moss N fi lter 
fails and N begins to leach from the saturated 
moss layer, altering competitive relationships 

(Lamers et al. 2000). Vegetation changes 
are characterized by decreases in cover of 
oligotrophic mosses and carnivorous plants and 
increases in graminoids, especially cotton grass 
and certain ericaceous shrubs (Allen 2004).

Chapter 17 (Wetlands) contains a more detailed 
discussion of these and interrelated responses, especially 
in relation to P availability, water availability, and 
climate.

6.3.5 Tundra

Areas of tundra are included in the Taiga ecoregion, 
notably at the northern boundaries. See Chapter 5 
(Tundra) for descriptions of the range of responses.

6.4 Critical Loads Estimates
Th ere are many indications that low levels of N 
deposition can aff ect community composition, 
abundance, net photosynthesis, N accumulation, 
physiology, and ultrastructure of lichens, mosses, and 
algae (see Table 6.1). Th ese taxa, especially peatland 
sphagnum mosses and reindeer lichens, are dominant 
components of taiga ecosystems. Application here 
of a model relating epiphytic lichen community 
composition of Oregon and Washington coniferous 
forests to N deposition (Chapter 4, Geiser et al. 2010) 
yields a critical load estimate of 1 to 3 kg ha-1 yr-1 for 
Taiga ecoregion forests and woodlands. Th is value was 
calculated by substituting a realistic precipitation range 
of 20 to 80 cm and applying a conservative community-
composition response threshold allowing no less than 41 
percent oligotrophs or more than 27 percent eutrophs. 
For perspective, about 85 percent of sites in the western 
Oregon and Washington study area did not exceed this 
response threshold (Geiser et al. 2010). Considering 
this result and those of Moore et al. (2004), Vitt et al. 
(2003), Strengbom et al. (2003), Berryman et al. (2004), 
Berryman and Straker (2008), and Poikolainen et al. 
(1998), we recommend that the critical load for lichen, 
moss, and algae of the North American Taiga ecoregion 
be no more than 1 to 3 kg ha-1 yr-1. Th is estimate can 
be considered fairly reliable, pending results from more 
defi nitive work currently in progress in North America. 
Critical loads are summarized in Table 6.2.
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Provisional N critical loads using ectomycorrhizal fungal 
abundance and diversity as indicators ranged from 5 to 
7 kg ha-1 yr-1, based on critical loads determined using 
the same indicators in similar forest types in the Marine 
West Coast Forests and Northern Forests ecoregions 
(Chapters 9 and 7; Lilleskov 1999; Lilleskov et al. 2001, 
2002, 2008).

Based on reliable estimates from European work 
described previously and in section 6.5, critical 
loads for alterations in shrub and grass community 
composition in the Taiga ecoregion could be set at 6 
kg ha-1 yr-1 (Nordin et al. 2005, Strengbom et al. 2003; 
Table 6.1). However, the higher European critical 
loads estimates correspond to the levels of N added 
in experimental manipulations, which may far exceed 
the level of N input that would eventually induce a 
response. As deposition levels exceed 5 to 15 kg N 
ha-1 yr-1, the following become evident: changes in 
woodland, heath, and peatland communities of vascular 
plant (especially shrubs and grasses) and mycorrhizal 
communities; increased foliar nutrient imbalances; and 
increased susceptibility of vegetation to frost, drought, 
pathogens and pests. At deposition levels exceeding 15 
kg N ha-1, changes in nitrifi cation rates, soil saturation 
and N leaching can be documented, especially when 
the N-holding capacity of moss and lichen mats are 
exceeded.

6.5 Critical Load Data from Europe or 
from Other Ecoregions
European critical loads for boreal forest ecosystems 
(Bobbink et al. 2003) as updated by the Alterra Rapport 
1382 (de Vries et al. 2007) are 10 to 15 kg N ha-1 yr-1 
for soil processes (increased mineralization, nitrifi cation 
and N leaching); 10 to 20 kg N ha-1 yr-1 for increased 
risk of foliar nutrient imbalances (decreased P, K 
and Mg to N ratios in foliar tissue) in coniferous and 
deciduous trees and changes in community composition 
and of ground vegetation, lichens, and mycorrhizae; 
and 15 to 25 kg N ha-1 yr-1 for increased susceptibility 
to frost, drought, pathogens, and pests, and increases 
in free algae. Based largely on biodiversity changes 
documented by Nordin et al. 2005 (see section 6.3), de 
Vries et al. (2007) recommended decreasing the overall 
critical load for boreal forests from 10 to 20 (Bobbink et 
al. 2003) to 5 to 10 kg N ha-1 yr-1.

European critical loads (Bobbink et al. 2 003) for other 
taiga ecosystem components are 5 to 10 kg ha-1 yr-1 for 
tundra with permafrost, 10 to 15 kg ha-1 yr-1 for alpine 
and subalpine scrub without permafrost, and 10 to 20 
kg ha-1 yr-1 for wet and dry heaths. Critical loads for 
Tundra and Northern Forests ecoregions are especially 
relevant to tundra-covered areas and large river valley 
areas of the Taiga ecoregion, respectively. All three 
ecoregions share some fl oral and faunal species.

Table 6.2—Empirical critical loads of nutrient N for the Taiga ecoregion. Reliability rating: ## reliable; # fairly reliable; 

(#) expert judgment

Ecosystem 
component

Critical 
load for N 
deposition
kg ha-1 yr-1

Reliability Response Comments Study

Lichen, moss, 
and algae

1-3 # Changes in alga, 
bryophyte, and lichen 
community composition, 
cover, tissue N or 
growth rates

Berryman et al. 2004, 
Berryman and Straker 2008, 
Geiser et al. 2010, Moore 
et al. 2004, Poikolainen et 
al. 1998, Strengbom et al. 
2003, Vitt et al. 2003

Mycorrhizal 
fungi, spruce-
fi r forests

5-7 (#) Change in 
ectomycorrhizal fungi 
community structure

Expert judgment
extrapolated from Marine 
West Coast spruce and 
northern spruce-fi r forest

Lilleskov 1999; Lilleskov et 
al. 2001, 2002, 2008

Shrublands 6 ## Alterations in shrub and 
grass cover; increased 
parasitism of shrubs

Long term, low N addition 
study: shrub cover 
decreased, grass cover 
increased

Nordin et al. 2005, 
Strengbom et al. 2003 
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6.6 Future Research Directions and 
Gaps in Data
Research is needed to confi rm that European critical 
loads and study results are applicable to North America. 
Long-term studies at low levels of experimentally applied 
N (i.e., 1 to 5 kg ha-1 yr-1) are most needed. Although 
local Alaskan population and emissions sources are 
relatively small, regional and trans-Pacifi c sources of N 
are increasing with massive energy development projects, 
industrial expansion, and high latitude population growth. 
Fire frequency and intensity in boreal ecosystems are 
increasing with global climate change; fi re will continue to 
be a major regional source of NOx. Because temperature 
increases are predicted to be greater in northern latitudes, 
North American studies are needed to elucidate the 
interplay between climate change, N volatilization, and 
N deposition on dry- and wet-land biota, communities, 
and ecosystems. Indeed, climate change may be the most 
important driver of vegetation changes in most of the 
Alaskan portion of the ecoregion, considering the low 
current background levels of N deposition.

Finally, a greater understanding is needed regarding 
the underlying mechanisms responsible for N-aff ected 
changes, in addition to quantifi cation of the functional 
relationships between N deposition and specifi c 
ecological responses. Such a mechanistic understanding 
of how N addition alters low N ecosystems could be 
used to inform modeled predictions.
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