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Tundra is nutrient limited
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salt. It may also include N ions or LMWOC strongly sorbed or complexed on mineral or organic surfaces 
[44]. Soil Organic Nitrogen is relatively immobile and not available for plant or microbial uptake without 
further enzymatic processing. When permafrost thaws, SON is subject to microbial decomposition, and a 
fraction is released as DON and DIN, which is then subject to the fates outlined above. We will refer to 
the proportion of SON that is released as DON and DIN during post-thaw decomposition as the labile 
fraction. 

We collected preliminary data on permafrost N release from northeastern Siberia Orthel soil 
profiles frozen during the Pleistocene [14, 45]. Average release was 15 times higher from permafrost soil 
than from texturally similar mineral soil in the active layers of the same sites (Figure 2a), indicating that 
when frozen soils thaw, they have the potential to release vastly more N than would be expected from our 
understanding of N release from non-frozen soils. Nitrogen released at thaw was comprised of equal parts 
DON and NH4

+ and a very small amount of NO3
-. Nitrogen release was strongly positively related to total 

soil N, and there was substantially more N released per unit total N in permafrost soil than active soil 
(Figure 2a), as might be expected if soluble N accumulates because it is protected by freezing from 
biological processing. We incubated newly thawed and active layer soils in a laboratory mini-lysimeter 
experiment for one year and estimated that cumulative N release—an index of the potentially labile N 
pool—was two to 16 times greater in permafrost than active soils (Figure 2b). Cumulative N release was 
positively related to total N concentration, and this labile N pool accounted for 25% of total soil N (Figure 
2b). This strongly disproportionate release of N from permafrost soils suggests that thaw creates a ‘hot 
moment,’ and that permafrost soils are latent ‘hot spots,’ the juxtaposition of which has biogeochemical 
consequences that we do not yet understand.  

In the field, labile N may be (1) immobilized by microbes, (2) taken up by plants either directly or 
indirectly via mycorrhizal symbionts, (3) nitrified and/or denitrified to a partially or completely reduced 

N gas, or (4) transferred to aquatic ecosystems via hydrological 
loss. Although microbial immobilization is the most likely 
immediate fate in low N systems, plants are the winners of plant-
microbe competition in the long run because of temporal niche 
differentiation [21]. If plants can acquire labile permafrost N, 
can stimulation of plant C uptake compensate for permafrost C 
loss? Scaled to ecosystem units, we calculate that thaw of 1 cm 
of our Siberian permafrost soil would expose a total N pool of 
25 g N m-2. Initial thaw of this pool would release 0.3 g N m-2 as 
DIN and DON, and ensuing decomposition would release an 
additional 5.6 g N m-2. The potentially labile C pool from this 1 
cm layer—C likely to be released as CO2 or CH4 concurrent 
with labile N release—is estimated to be 87 g C m-2 [45].  

The time scale over which these labile pools could be 
released in the field is unclear. If we presume release over 1 
year, total net primary productivity (~100g C m-2 yr-1for 
graminoid tundra [15]), would need to double and maintain 
newly fixed C in long-lived tissue or recalcitrant litter to 
balance permafrost C emissions. In graminoid tundra surface 
fertilization experiments, addition of 10 g N m-2 yr-1 doubled 
plant production in the first three years of N application [46] 
and shifted composition from graminoid- to shrub-dominance 
by year 5 [47]. Allocation of biomass to woody tissue is 10-100 
times higher in shrub than in graminoid tundra [15], and shrub 
litter tends to produce the most recalcitrant litter among 
vascular species [48-50]. Fertilization results support the idea 
that plant N uptake could compensate for permafrost C release, 
at least in this soil type. To address the potential for 

Figure 2. Nitrogen released from active 
layer or permafrost soil at (a) thaw or 
(b) over a 1 year lab incubation. Soils 
were collected from Orthel profiles near 
Cherskii, Russia. 
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Do belowground traits dictate nutrient uptake as 
permafrost thaws?

Hypothesis: Permafrost N will be acquired by plants with
• roots that can grow deep and stay active late 
• mycorrhizal symbionts that forage at the thaw boundary
Goals: Characterize species rooting profiles & determine whether there is 
active uptake of deep N when thaw depths are deepest



Project scope

• Intensive experimental sites
• Extensive regional survey sites
• Regional modeling with TEM

EML

TFS Photo credit: CPS

Toolik Field Station (TFS)

Eight Mile Lake (EML)



Warming at Toolik yields conditions 
similar to Eight Mile Lake

Variable Toolik Toolik 
greenhouses EML

Mean annual temperature -7.0°C -6.0°C -1.0°C

Surface permafrost temperature -5.0°C -4.0°C -0.7°C

Average active layer depth ~40 cm ~60 cm ~60 cm

*Conditions at EML are close to those predicted for Toolik Lake by 2100



Exploring deep roots and deep N

• Research at Eight Mile Lake on 
belowground root traits and 
deep N uptake was recently 
published in Journal of Ecology
• Finishing a manuscript exploring 

how mycorrhizal fungi may be an 
important mechanism for dwarf 
shrub access to deep N



Focus at and near Toolik Field Station

Experimental site Regional survey



Effects of experimental warming

LTER warming experiment: aboveground 
vascular plant biomass 2016



Effects of experimental warming

Trend in late season thaw depth Thaw depth during our harvest



Methods overview

Deep Isotope addition



Fate of the tracer

Aboveground Belowground



Fine root profiles



Rooting plasticity and acquisition of permafrost N

Rooting plasticity Deep N acquisition

R2=0.67, p<0.001

R2=0.50, p<0.01

R2=0.43, p<0.05



Rooting plasticity and acquisition of permafrost N
Rooting plasticity Deep N acquisition



Plant acquisition of permafrost N
Variable importance explaining fine 
root isotope enrichment Deep N acquisition by fine roots
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• Proximity to deep N affords the 
greatest uptake more so than 
biomass or root length



Plant acquisition of permafrost N

Aboveground harvest Aboveground harvest: % isotope recovered



Next steps: the role of mycorrhizal fungi

• Molecular characterizations:
• Fungal depth profiles
• Fungal connection between 

rooting zone and thaw front
• Root DNA
• Thaw front RNA



EML: fungal connection to the thaw front

Root and permafrost thaw front fungi Fungal connection to the thaw front



EML: fungal-connection effect on deep N access

Fungal connection to the thaw front 
and percent tracer recovered Taxon-specific fungal access to deep N



Summary

• Thaw depth is an important predictor of belowground dynamics 
• Forb, sedge, and deciduous shrub PFTs forage more deeply with 

increasing thaw
• R. chamaemorus and E. vaginatum have the deepest roots and the 

greatest uptake of 15N
• E. vaginatum and B. nana showed some tracer recovery in their 

leaves within 24 hours.
• Mycorrhizal fungi may be an important mechanism of deep N access 

for shallowly rooted shrubs



Belowground ecology informs predictions for 
the Arctic
• Long term fate of permafrost N
• Stimulation of productivity?
• Allocation, turnover, persistence in ecosystem materials

• Deep N immobilization in fungal biomass
• Saprotrophs vs. mycobionts
• Quantification of uptake, turnover, stability of fungal pool

• Linking microbial community dynamics to flux measurements
• Moving towards absolute not relative abundances
• Heterogeneity of organisms and environment
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