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ABSTRACT
Climate change has increased the size and frequency of wildfires across the boreal biome. Severe wildfires in boreal forests have 
been found to trigger shifts from evergreen to deciduous canopies, which has cascading effects on carbon and nitrogen cycling. 
Ecosystem productivity and carbon uptake in boreal forests are strongly linked with nitrogen, and Earth system models increas-
ingly depend on our understanding of the nitrogen balance to predict post-fire carbon uptake. To investigate the post-fire boreal 
nitrogen balance, we combined a mass balance approach and literature synthesis to estimate rates of nitrogen accumulation and 
nitrogen inputs across a network of 18 boreal wildfire chronosequences that varied in both wildfire regime and post-fire canopy 
type, comprising 527 forest stands. We found that deciduous- or mixed-dominance boreal forests establishing after severe, stand-
replacing fires had the highest nitrogen accumulation rates (15.7 ± 3.8 kg ha−1 year−1), while evergreen-dominated forests estab-
lishing after surface- or mixed-severity fires had the lowest nitrogen accumulation rates (1.4 ± 1.1 kg ha−1 year−1). Annual known 
inputs from nitrogen deposition and biological nitrogen fixation combined, estimated from published data, largely failed to ex-
plain the rate of nitrogen accumulation, particularly in deciduous or mixed-dominance forests establishing after stand-replacing 
fires, suggesting that the origins of most nitrogen in these forest types remain poorly understood. As the frequency of severe wild-
fires increases across the boreal biome and shifts toward deciduous canopies become more common, our study reveals a large 
knowledge gap in the resulting nitrogen balance that needs to be resolved in order to improve predictions of forest carbon uptake.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1   |   Introduction

Wildfire is the primary natural disturbance throughout the bo-
real region (De Groot, Cantin, et al. 2013; De Groot, Flannigan, 
and Cantin  2013), which can lead to significant carbon (C) 
and nitrogen (N) losses (Mack et al. 2021). Varying from low-
severity surface fires to high-severity stand-replacing fires, his-
torical fire return intervals across the boreal zone have ranged 
from approximately 43 years in Siberia to more than 500 years 
in eastern Canada, with most published estimates less than 
200 years (Bondarev  1997; Bouchard et  al.  2008; De Groot, 
Cantin, et al. 2013; De Groot, Flannigan, and Cantin 2013; Liski 
et al. 2001; Maltman et al. 2023). There is increased recognition 
that both the area and frequency of wildfires are increasing due 
to climate change (Buma et al. 2022; Natole et al. 2021; Simpson 
et al. 2011), which was highlighted by the extreme 2023 wildfire 
season in North American boreal forests. Given that ecosystem 
C loss is directly related to fire severity, an increase in wildfire 
severity could also have considerable effects on ecosystem N 
stocks that are released during fire (Natole et al. 2021; Simpson 
et al. 2011). Moreover, severe fires may trigger shifts in canopy 
type from evergreen to deciduous tree species that may result 
in higher C and N accumulation rates (Mack et  al.  2021), but 
the interactive effect of fire regime and post-fire canopy type on 
N accumulation remains unknown. Because stand productivity 
and C uptake are often contingent on N availability (Hungate 
et al. 2003; Norby et al. 2010), our understanding of the recovery 
of N inputs throughout post-fire stand succession under various 
fire regimes and canopy types is crucial for predicting boreal 
forest productivity and C uptake potential in a changing climate.

Recovery of ecosystem N following disturbance such as wildfire 
depends partially on new inputs of N from deposition and biolog-
ical dinitrogen (N2)-fixation (BNF), as well as inputs from un-
known sources (Korhonen et al. 2013; Palviainen et al. 2017). In 
the circumpolar boreal forest, which comprises approximately 
30% of the global forested area and is the largest terrestrial 
biome on Earth (Brandt  2009; Olson et al.  2001), atmospheric 
N deposition is generally well quantified and typically very low 
(< 3 kg ha−1 year−1), with higher rates concentrated near popu-
lated areas in northern Europe and eastern Canada (Dentener 
et al. 2006; Gundale et al. 2011). Research on BNF in boreal for-
ests has been heavily focused on moss-diazotroph associations 
(Hupperts et  al.  2021). In old-growth (> 200 years) evergreen-
dominated boreal forests, moss-associated BNF can reach be-
tween 2 and 4 kg N ha−1 year−1 (DeLuca et al. 2002), though some 
isolated estimates surpass 8 kg N ha−1 year−1 (Jean et  al.  2018). 
However, the majority of boreal forests experience wildfire or 
management disturbances at intervals that are shorter than 
200 years (Bondarev  1997; Bouchard et  al.  2008; De Groot, 
Cantin, et al. 2013; De Groot, Flannigan, and Cantin 2013; Liski 
et al. 2001; Maltman et al. 2023), and the proportion of young 
forest is consistently increasing across the biome (McDowell 
et al. 2020). The limited number of measured rates from other 
potential sources (e.g., lichens, deadwood, soils, etc.) of BNF 
have been low or negligible (Cleveland et  al.  2022; Heumann 
et al. 2025). Alder (Alnus spp.) is known to have high rates of 
BNF in floodplains and riparian areas (Cleve et  al.  1971), but 
the ecosystem-scale contribution of N fixed by alder in upland 
forests has seldom been quantified, partly because it is often rare 
or absent in evergreen-dominated stands that comprise much of 

the boreal zone (Massey et al. 2023). In comparison to the sparse 
literature on these other niches, the ecosystem-scale contribu-
tion of N fixed by mosses has been quantified in dozens of stud-
ies following a study by DeLuca et al. (2002) that first described 
widespread moss-associated BNF in upland boreal forests. Many 
studies have also found positive links between precipitation and 
BNF, including moss-associated BNF (Hupperts et  al.  2021), 
suggesting that wetter climates may support higher rates of N 
accumulation, but this has not been empirically tested over a 
broad spatial or temporal scale.

Our study aimed to quantify links between fire regime, canopy 
type, and the ecosystem N balance (i.e., N accumulation rate 
compared to N inputs) in boreal forests. We combined a mass 
balance approach and a literature synthesis to estimate rates of 
nitrogen accumulation and nitrogen inputs across a network 
of 18 boreal forest wildfire chronosequences that varied in fire 
regime and post-fire canopy type. The chronosequences com-
prised 527 stands in total, spanning the boreal zone in North 
America, Europe, and Asia (Figure 1 and Table S1). To calcu-
late N accumulation across these chronosequences, we calcu-
lated N stocks in living trees, ground vegetation, deadwood, 
and the soil organic layer up to 200 years since fire. We then 
compared ecosystem N accumulation rates to published esti-
mates of the two most well-described N inputs, deposition and 
moss-associated BNF. We focused on mosses for BNF estimates 
because they are by far the most measured source in boreal for-
ests (Hupperts et al. 2021) and were present in all of the chro-
nosequences we measured, but we also report BNF rates from 
other sources found in the literature. This approach allowed us 
to estimate N accumulation rates among different fire regimes 
and canopy types, and to identify potential knowledge gaps in 
the N balance of these boreal forests. We asked: (1) How do fire 
regime and canopy type affect N accumulation rates? (2) How 
does climate affect N accumulation rates? and (3) How do N ac-
cumulation rates compare to N input rates from deposition and 
moss-associated BNF?

2   |   Materials and Methods

2.1   |   Chronosequences

Data were compiled from 18 wildfire chronosequences across 
the boreal region spanning North America, Europe, and Asia 
(n = 529 stands, Figure  1 and Table  S1). The commonly used 
chronosequence approach uses a space-for-time design (Walker 
et  al.  2010), assuming that sites within a chronosequence fol-
low a similar developmental trajectory, which should be 
considered when making broad inferences. Owing to stand-
replacing wildfire regimes in much of the circumpolar boreal 
forest biome, the age distribution of boreal forests skews rel-
atively young. For example, at least 93.6% of forested areas in 
boreal Canada (including eastern Canadian boreal forests) are 
younger than 200 years (Maltman et  al.  2023), largely due to 
wildfire (De Groot, Cantin, et  al.  2013; De Groot, Flannigan, 
and Cantin  2013). Similarly, most boreal forests in Russia are 
estimated to be less than 200 years old, with an average fire re-
turn interval shorter than 100 years (Bondarev 1997; De Groot, 
Cantin, et  al.  2013; De Groot, Flannigan, and Cantin  2013; 
Glückler et  al.  2021). In Fennoscandia, the pre-industrial fire 
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return interval was approximately 100 years (Zackrisson 1977). 
Across the biome, the proportion of young forests is increasing 
(McDowell et  al.  2020). Thus, to capture a representative age 
distribution, we excluded stands that experienced wildfire more 
than 200 years prior to sampling.

The mean (1901–2020) annual temperature among chronose-
quences ranges from −9.5° near Tura, Russia, to +0.9° in the 
Clay Belt of Eastern Canada, while the mean summer (June–
August) temperature ranges from 7.8° in the Yukon, Canada, 
to 15.2° in Ontario, Canada. The mean annual precipitation 
ranges from 248 mm in northern Yukon, Canada, to 824 mm 
in the Clay Belt of Eastern Canada. Twelve of 18 chronose-
quences had stand-replacing fire regimes (i.e., all stands in the 
chronosequence originated from a fire that caused complete 
overstory mortality). The remaining six chronosequences 
contained stands with surface fire regimes (i.e., no or incom-
plete overstory mortality) or were comprised of stands with 
a mix of surface and stand-replacing fire regimes. Twelve 
of 18 chronosequences had evergreen-dominated canopies 
post-fire, while six were dominated by deciduous trees or had 

mixed dominance post-fire. Chronosequences were classified 
as deciduous/mixed if basal area or stem density of deciduous 
trees was > 30%. Young (< 10 years after fire) sites in the two 
Alaskan deciduous/mixed chronosequences were classified 
using a deciduous index, whereby the sum of relative density 
plus relative biomass of deciduous tree seedlings was divided 
by two and multiplied by 100, then classified as broadleaf/mix 
if this index was > 33.3% (Mack et al. 2021). The Ontario de-
ciduous/mix chronosequence was classified as deciduous/mix 
because the average deciduous tree stem density in younger 
stands (9 years after fire) and the average deciduous tree basal 
area in older stands (27, 92, and 140 years after fire) was > 30% 
(Seedre et al. 2014). Four of 18 chronosequences were affected 
by continuous permafrost. All chronosequences used in this 
study were located on mineral soils. Soil textures included 
sand (n = 4 chronosequences), loamy sand (n = 1 chronose-
quences), silt loam (n = 6 chronosequences), silt clay loam 
(n = 4 chronosequences), clay (n = 2 chronosequences), and 
silty loam sand (n = 1 chronosequence). The Global Lithology 
Map Database suggests varied lithology among our chrono-
sequences (Hartmann and Moosdorf 2012). Sedimentary 

FIGURE 1    |    Ecosystem nitrogen stocks were quantified in 18 boreal wildfire chronosequences, comprising 527 stands. Boreal zone from World 
Wildlife Fund ecoregions (Olson et al. 2001). Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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lithology, which has been suggested as a potential N source 
(Houlton et al. 2018), was found to potentially occur (along with 
non-sedimentary lithologies) among all fire severity and can-
opy types, but was not overrepresented within any fire sever-
ity or canopy type. Additional details of the chronosequences 
can be found from original publications (Aaltonen et al. 2019; 
Alexander and Mack 2016; Bond-Lamberty et al. 2006; Köster 
et al. 2014, 2017, 2018; Larjavaara et al. 2017; Mack et al. 2021; 
Palviainen et al. 2017; Seedre et al. 2014; Simard et al. 2007; 
Wirth et al. 2002; Zackrisson et al. 2004).

2.2   |   Climate

Average summer (June—August) climate data were retrieved 
from the Climate Research Unit (0.5° spatial resolution for 
1901–2020) and included precipitation, precipitation frequency 
(i.e., number of days with precipitation ≥ 0.1 mm) temperature, 
potential evapotranspiration (PET), and the Palmer Drought 
Severity Index (PDSI) (Harris et al. 2020). Because many widely 
used Earth system models link BNF with actual evapotranspira-
tion (AET) (Hupperts et al. 2021), we also retrieved average sum-
mer AET data from the TerraClimate (Abatzoglou et al. 2017) 
database (0.042° spatial resolution for 1981–2010).

2.3   |   Nitrogen Stocks

We calculated total ecosystem N stocks using the sum of four 
main pools: living trees, deadwood (standing and lying), ground 
layer vegetation, and the soil organic layer. Ten chronosequences 
reported mineral soil layer N stocks data up to a depth of 30 cm 
(total n = 80), depending on the chronosequence. However, be-
cause this represents only 15% of all stands in our chronose-
quence network (i.e., 80/527), we excluded mineral soil N from 
our calculation of total ecosystem N and analyzed mineral soil 
N stocks separately. Living tree and deadwood N pools were es-
timated from plots that ranged from 50 to 5000 m2 among the 
chronosequences and were calculated by multiplying estimated 
biomass with tissue-specific N concentrations. Detailed descrip-
tions of which pools were estimated with primary measure-
ments, allometric equations, or sourced from the literature are 
available in the Data S1 (https://​figsh​are.​com/​proje​cts/​Boreal_​
nitro​gen_​stocks/​178236). Aboveground biomass of living trees 
was estimated using allometric equations derived from the 
study or from the literature (Marklund 1988; Paré et al. 2013). 
Coarse root biomass was either measured from soil cores or 
estimated using allometric equations. However, five of 16 chro-
nosequences did not measure or estimate coarse root biomass. 
Fine root biomass was measured from soil cores or included in 
the soil organic layer N pool, but three chronosequences did not 
measure or estimate fine root N pools. The biomass of standing 
and lying deadwood was estimated using allometric equations 
or direct biomass measurements. The N concentrations of dif-
ferent living and deadwood tree tissue types were obtained from 
the literature or field measurements. Ground layer vegetation N 
pools were measured from 2 to 10 plots per stand and ranged 
in size from 0.005 to 1.0 m2 (Table S1). Aboveground vegetation 
was clipped at the base and oven dried before weighing to ob-
tain biomass. Species- or functional group-specific N concentra-
tions were obtained from the literature or direct measurements 

(See Data S1). Six chronosequences did not measure or estimate 
ground layer vegetation N pools. Soil organic layer N pools 
were quantified from 1 to 22 soil measurements per stand. 
All measured N concentrations were obtained using elemen-
tal analyzers (varioMAX CN elemental analyzer, Elementar 
Analysenstysteme GmbH, Germany; LECO CNS 2000 analyzer, 
LECO Corporation, St. Joseph, MI, USA; or Costech ECS4010, 
Valencia, CA, USA).

2.4   |   Nitrogen Inputs

To estimate BNF, we first conducted a literature search of studies 
that measured BNF in boreal forests. In April 2024, we searched 
the Web of Science database using search terms “(biological 
nitrogen fixation OR nitrogen fixation OR BNF OR dinitrogen 
fixation OR N2-fixation) AND boreal forest”. This initial search 
yielded 294 publications. We then filtered the studies using ad-
ditional criteria: (1) the study involved primary measurements 
of BNF; (2) the study took place in a boreal forest; and (3) the 
study was field-based (not greenhouse, lab, or climate chamber). 
Applying these criteria yielded 57 unique publications (see Data 
S1). We then recorded which sources of BNF were measured 
(e.g., moss, alder, lichen, etc.). Some studies measured multiple 
sources, and some studies measured one BNF rate from sam-
ples that included both mosses and the organic layer; all sources 
were then recorded as having been measured.

From the list of 57 studies that measured BNF, we again ap-
plied filters with the following criteria: (1) the reported BNF 
rate could be up-scaled to the stand level (kg ha−1 year−1); (2) the 
study reports that the stand was less than or equal to 200 years 
old (i.e., to match the age range of stands in our chronosequence 
network), and when a range was given for site age, we used the 
average value; (3) a relevant control could be used if treatments 
were applied; and (4) if Sphagnum was investigated, the authors 
used 15N incorporation rather than acetylene reduction (due to 
known methodological drawbacks; Saiz et al. 2019). This final 
filtering criteria yielded 20 studies (see Data S1). The average 
stand age among the studies was 95 years since disturbance, in-
dicating that the stand age distribution among moss BNF stud-
ies was not skewed toward either young or old sites within our 
200 year timeframe. If studies used acetylene reduction, BNF was 
calculated using a conversion factor of 3:1 (3 moles of acetylene 
reduced to 1 mole of N2 reduced) (DeLuca et al. 2002). Upscaling 
to annual rates was done using the number of growing season 
days reported in the respective study (see Data S1). From these 
20 studies we calculated the median annual BNF rate, as com-
monly done in similar studies to retain all data (e.g., potential 
outliers) but avoid false inflation of the central tendency when 
data are skewed (Figure S1). We also calculated the average rate, 
in which case one outlier was removed from the moss BNF data 
because it was more than eight standard deviations from the av-
erage moss-associated BNF rate. Ninety-five per cent confidence 
intervals were calculated for all sources with bootstrapping of 
10,000 iterations.

To directly compare moss-associated BNF and ecosystem N ac-
cumulation within the same stand types, we further grouped 
moss-associated BNF rates by fire regime (stand-replacing or 
surface/mixed) and canopy type (evergreen or deciduous/mixed) 
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if these parameters were reported in the respective studies. We 
found the following number of moss-associated BNF rates for 
each stand type: 17 observations in evergreen-dominated stands 
of stand-replacing fire regimes; 3 observations in deciduous/
mixed stands of stand-replacing fire regimes; 12 observations in 
evergreen stands of surface/mixed fire regimes; and 0 observa-
tions in deciduous/mixed stands of surface/mixed fire regimes. 
The remaining 39 observations of moss-associated BNF were 
from stands of harvest or unspecified origin. Median input rates 
for each stand type were calculated with bootstrapping of 10,000 
iterations.

Some evidence suggests that mosses use vanadium-based nitro-
genase, rather than molybdenum-based nitrogenase, under cer-
tain conditions (Darnajoux et al. 2019). For acetylene reduction 
assays, the conversion factor of vanadium-based nitrogenase is 
1:1, rather than 3:1 that is used for molybdenum-based nitroge-
nase. We have no way of knowing whether mosses in compiled 
studies were using vanadium-based nitrogenase. However, to 
account for potential use of vanadium-based nitrogenase, we 
also calculated BNF rates of all studies that used acetylene re-
duction assays using a liberal assumption of vanadium-based 
nitrogenase. We did this by multiplying upscaled BNF rates by 
3 (essentially back-transforming the rates), therefore using a 1:1 
conversion factor rather than 3:1.

To ensure that compiled moss BNF rates were from similar cli-
matic niches as the chronosequences used in the present study, 
we extracted climate data for the BNF studies using the same 
climate variables described above. We then performed a prin-
cipal components analysis (PCA) of the climate data with the 
BNF studies and nitrogen stocks studies pooled. Data were 
transformed by centering (i.e., given a mean of 0) and scaling 
(i.e., given a standard deviation of 1) in a z-score type matrix 
using the scale function in R version 4.2 (R core Development 
Team 2022) prior to PCA analysis (Oksanen et al. 2018). The re-
sulting PCA indicates that the BNF studies and N stocks studies 
occupy similar climates (Figure S2). A permutational analysis of 
variance (PERMANOVA) with Euclidean dissimilarity measure 
(using the adonis function in the vegan package of R; Oksanen 
et al. 2018) on the centered and scaled data confirms that there 
is no significant difference in climate between BNF studies and 
N stocks studies (F = 0.3, p = 0.8, Figure S2).

Inorganic N deposition (NOy and NHx) data was retrieved 
from the Inter-Sectoral Impact Model Intercomparison Project 
(ISIMIP), which models spatially explicit N deposition an-
nually from 1861 to 2005 (Lamarque et  al.  2013; Warszawski 
et  al.  2014). Specifically, we used publicly available datasets 
“ndep_noy_histsoc_annual_1861_2005.nc4” and “ndep_nhx_
histsoc_annual_1861_2005.nc4” from the ISIMIP2b simulation 
round. The ISIMIP model accounts for dry and wet deposition, 
including N inputs from wildfire emissions and lightning. 
Stands originating earlier than the data range were given the 
same value as 1861, and stands that were surveyed later than the 
data range were given the same value as 2005. Organic N depo-
sition is not well studied, but was assumed to account for 30% 
of total N deposition (Neff et al. 2002). Palviainen et al. (2017) 
reported N deposition for the Finland chronosequence, and 
ISIMIP data was therefore not used for this chronosequence. We 
then calculated the average N deposition rate in the oldest stand 

within each chronosequence, followed by calculating the aver-
age and median N deposition rate among all chronosequences to 
obtain a boreal-wide long-term estimate of N deposition.

2.5   |   Data Analysis

To investigate our first question, asking how fire regime and 
canopy type affect N accumulation rates, we fit a mixed effects 
model using the lme function in the nlme package (Pinheiro 
et al. 2018) of R version 4.2. Time since fire (years), fire regime, 
canopy type, and their interactions served as fixed effects. We 
tested linear and logarithmic functions and selected the model 
with the lowest AIC score. Total ecosystem N (i.e., sum of liv-
ing tree N, ground-layer N, deadwood N, and soil organic soil 
layer N [kg ha−1]) was the response variable, and the raw (non-
transformed) data were used. Chronosequence was included as 
a random effect (intercept) to account for differences in sam-
pling depth among chronosequences and spatial autocorrela-
tion among stands nested within respective chronosequences. 
Residuals were visually inspected to assess normal distribution 
and homogeneity of variance among fixed effects. Residuals in-
dicated that the levels within fire regime and canopy type had 
different variance (i.e., heteroscedasticity); we therefore included 
the constant variance function “varIdent” within the mixed ef-
fects model to account for the distinct variance structure among 
levels of both fire regime and canopy type. The varIdent func-
tion estimates a different variance for each level of a given cate-
gorical variable and scales the variance relative to the first level 
within the respective categorical variable. We also included the 
exponential variance function “varExp” to account for time-
dependent variance. The varExp function allows exponential 
change in residual variance along a continuous variable (e.g., 
time). Two outliers were removed (final n = 527 stands) because 
they disproportionately skewed the residuals; their inclusion 
would actually increase the overall N accumulation rate, mean-
ing that our analysis is conservative. The marginal R2 (fixed ef-
fects only) and conditional R2 (fixed and random effects) were 
calculated using the MuMIn (Bartoń  2023) package in R. Six 
chronosequences did not quantify ground-layer N; we therefore 
repeated these analyses but excluded ground-layer N from total 
ecosystem N stocks. Results are shown in Table S2. Estimates of 
N stocks, N accumulation rates, and 95% confidence intervals 
were performed by calculating estimated means (N stocks) and 
estimated slopes (N accumulation rates) using the emmeans and 
emtrends functions of the emmeans package (Lenth 2018) in R, 
which controls for all fixed and random effects. Post hoc com-
parisons of N stocks and accumulation rates among levels of fire 
regime and canopy type were performed with Tukey corrections 
using the emmeans function (N stocks) and emtrends function 
(N accumulation rates). To evaluate mineral soil N accumula-
tion, we again used a linear mixed effects model with time since 
fire as a fixed effect and chronosequence as a random effect.

To investigate the potential contribution of N from alder-
diazotroph symbioses, we also modeled N stocks as a function of 
alder presence using the same mixed effects model structure de-
scribed above. Owing to multi-collinearity, we could not include 
fire regime and alder presence in the same model, and therefore 
tested the effect of fire regime and alder presence in separate 
models and compared F values.
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To investigate our second question, asking how climate affects 
N accumulation rates, we investigated the relationship between 
average summer (June—August) climate and total ecosystem 
N accumulation. First, we tested for multi-collinearity among 
summer climate variables by conducting a PCA using the “pr-
comp” function in R on centered and scaled data, as described 
above. Variables included mean temperature, mean precipita-
tion, mean precipitation frequency, mean PET, mean AET, and 
mean PDSI. The first axis of the PCA explained 55.4% of varia-
tion and the second axis explained an additional 25.0% of varia-
tion (Table S3 and Figure S3). There was clear multi-collinearity 
among variables; we therefore used first and second axis scores 
as composite explanatory variables, thus integrating multiple as-
pects of climate. We then applied the same linear mixed model 
structure described above and included scores from the first and 
second PCA axes. The first axis, PCA1, had neither a significant 
main effect nor interactive effect (with time) on N stocks and 
was therefore removed from the model (Table S4).

We then investigated our third question, asking how N accumu-
lation rates compared to N input rates from deposition and moss-
associated BNF. Estimated N accumulation rates were compared 
to the median and average input rates of N deposition and moss-
associated BNF (individually and combined), estimated from 
the literature review described above, with bootstrapped 95% 
confidence intervals of 10,000 iterations. Bootstrapping employs 
a resampling with replacement technique and does not rely on 
assumptions of normal distribution. Comparing estimated N ac-
cumulation rates with estimated N input rates enabled us to cal-
culate the proportion of N that is explained by N deposition and 
moss-associated BNF. We also estimated the median N deposi-
tion rate and moss-associated BNF rate within each fire regime 
× canopy type, with bootstrapped 95% confidence intervals, and 
compared them to the estimated N accumulation rate of each 
fire regime × canopy type. All figures were made with the gg-
plot2 (Wickham 2016) and cowplot (Wilke 2020) packages in R.

3   |   Results

3.1   |   Nitrogen Accumulation

Across the chronosequence network, our model estimated that 
ecosystem N stocks increased at an annual rate of 6.9 kg ha−1 (95% 
confidence interval (CI) = 5.7–8.0 kg ha−1, Figure 2a and Table 1). 
The fixed effects in our model (fire severity, canopy type, and 
time since fire) explained over half of the variation in ecosystem 
N stocks (Figure 2a and Table S5). The highest N accumulation 
rate was found in deciduous- and mixed-dominance forests (i.e., 
> 30% average proportion of Betula, Populus, or Larix) following 
stand-replacing fires (15.7 ± 3.8 kg N ha−1 year−1), while the low-
est was found in evergreen-dominated forests following surface- 
or mixed-severity fires (1.4 ± 1.1 kg N ha−1 year−1, Figure  2b–e 
and Figure  S4). In separate models (due to collinearity), fire 
regime explained more than twice the variation in N accumu-
lation rates than was explained by Alnus presence (Table S6a,b). 
Among the chronosequences that measured mineral soil N, the 
overall mineral soil N accumulation rate was 5.3 kg ha−1 year−1 
(95% CI = 2.3–8.3 kg ha−1 year−1, Figure S5 and Table S7). Across 
all stands regardless of age, most ecosystem N was found in the 
soil organic layer (74.7% ± 0.02%, Figures S6 and S7).

When controlling for fire regime and canopy type, the N ac-
cumulation rate was related to the second axis of the principal 
components analysis (PCA) that primarily represented summer 
precipitation frequency (i.e., the average number of days with at 
least 0.1 mm precipitation), summer actual evapotranspiration, 
and the Palmer Drought Severity Index (PDSI, Figure  S8 and 
Table S4).

3.2   |   Nitrogen Inputs

Our literature synthesis identified 57 original field-based stud-
ies that measured BNF in boreal forests, and 40 of these studies 
(70%) focused on moss-associated BNF (Figure 3a). Other mea-
sured sources of BNF included Alnus (9 studies), deadwood (5 
studies), organic soil layer (4 studies), lichen (3 studies), foliar 
endophytes (2 studies), roots (2 studies), mineral soil layer (1 
study), litter (1 study), bark (1 study), and biocrust (1 study). Up-
scaled rates of BNF that met our additional filtering criteria (e.g., 
conducted in forests younger than 200 years to match the age 
range of our chronosequence network; see 2. Methods) were re-
ported in only 20 of the 57 studies (Figure 3b). Of these 20 stud-
ies, moss-associated BNF was measured in 15 studies from at 
least 42 different stand ages. Other up-scaled rates of BNF that 
met our filtering criteria included Alnus (4 studies from 6 stand 
ages), organic soil layer (2 studies from 6 stand ages), foliar endo-
phytes (2 studies from 3 stand ages), roots (2 studies from 6 stand 
ages), deadwood (1 study from 3 stand ages), mineral soil layer (1 
study from 3 stand ages), litter (1 study from 3 stand ages), bark 
(1 study from 3 stand ages), and biocrust (1 study from 1 stand).

Among the 15 studies quantifying moss-associated BNF that met 
our filtering criteria, the median moss-associated BNF rate was 
0.19 kg ha−1 year−1 (95% CI = 0.09 to 0.25 kg ha−1 year−1, Table  2 
and Figure  3c), and the average rate was 0.44 kg ha−1 year−1 
(95% CI = 0.29–0.61 kg ha−1 year−1). Across our chronose-
quence network, the median long-term N deposition rate 
was 1.55 kg ha−1 year−1 (95% CI = 1.18–2.35 kg ha−1 year−1, 
Table  2) and the average rate was 1.88 kg ha−1 year−1 (95% 
CI = 1.50–2.29 kg ha−1 year−1). The combined N input from 
moss-associated BNF and N deposition (median rates with 
bootstrapped 95% confidence intervals) was 1.74 kg ha−1 year−1 
(95% CI = 1.35–2.51 kg ha−1 year−1, Figure  4a and Table  1). The 
combined input using average rates was 2.32 kg ha−1 year−1 (95% 
CI = 1.91–2.76 kg ha−1 year−1).

3.3   |   Comparing Nitrogen Accumulation Rates 
With Inputs

By comparing the overall N accumulation rate 
(6.9 ± 1.1 kg ha−1 year−1) with median N inputs from deposition 
and moss-associated BNF (1.7 kg ha−1 year−1 [bootstrapped 95% 
CI = 1.3–2.5 kg ha−1 year−1]), we found that 25% (95% CI = 16.9%–
43.8%) of accumulated N was explained by moss BNF and N 
deposition combined (Figure 4a). Thus, approximately 75% (95% 
CI = 56.2%–83.1%) of annual N inputs were unexplained. In de-
ciduous and mixed-dominance forests following stand-replacing 
fires, approximately 90% (95% CI = 65%–94%) of annual inputs 
were unexplained, while approximately 0% (95% CI = 0%–28%) 
of annual N inputs were unexplained in evergreen-dominated 
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FIGURE 2    |     Legend on next page.
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forests following surface- and mixed-severity fires (Table 1 and 
Figure 4b,e). When using average N input rates, we found that 
66% (95% CI = 51.9%–76.1%) of the overall N accumulation rate 
was unexplained by known N inputs.

4   |   Discussion

Post-fire N accumulation rate was related to both fire regime and 
post-fire canopy type, but was largely unexplained by known N 
inputs. To our knowledge, this is the first post-fire N balance 
estimate from replicated chronosequences spanning many sites 
across multiple continents. Previous studies that focused on in-
dividual chronosequences (not necessarily related to fire) have 
reported highly variable rates of N accumulation, with variation 
seemingly caused by factors such as ecosystem type, distur-
bance history, and pools measured. An earlier review (Binkley 
et al. 2000) encompassing a variety of biomes revealed that the 
majority of studies with robust experimental designs found N 
accumulation rates under 6 kg ha−1 year−1, but some individual 
chronosequences reported rates as high as 80 kg ha−1 year−1. 
Our overall estimate of N accumulation (6.9 kg ha−1 year−1) falls 
within this range, and is further strengthened by the wide geo-
graphical, climatic, and temporal scope of our data.

4.1   |   Fire Regime and Canopy Type Control N 
Accumulation Rates

Our first question asked how fire regime and canopy type af-
fect N accumulation rates. We found that the N accumulation 
rate depended on both fire regime and canopy type, and their 
interaction. Nitrogen accumulated faster in forests developing 
after stand-replacing fires compared to those with surface/
mixed fire regimes, suggesting that environmental and bio-
geochemical conditions after stand-replacing fires may favor 
free-living asymbiotic BNF. There may be several reasons why 
stand-replacing fires favor BNF. First, though residual ash is 
rich in ammonium and nitrate, this effect is very transient as 
N becomes immobilized in microbial biomass within only a 
few years (Ibáñez et al. 2022). Residual ash has also been found 
to increase phosphorus, molybdenum, and iron availability 
(Certini  2005; Harden et  al.  2004; Wong et  al.  2021), which 
may subsequently promote BNF (Dynarski and Houlton 2018; 
Holloway et  al.  2020; Houlton et  al.  2008). Further, high se-
verity fires have been shown to transform soil organic N into 
highly stable polyaromatic N compounds that are less available 
to plants (Roth et al. 2023), therefore potentially promoting N 
limitation that favors diazotroph activity. Consistent with this 
hypothesis, previous work found higher diazotroph abundance 
in recently burnt boreal soils compared to unburnt boreal soils 
(Su et al. 2022). Higher surface soil temperature, light availabil-
ity, and abundant deadwood in recently burned sites have also 

been associated with diazotroph activity (Benoist et  al.  2022; 
Holloway et al. 2020; Kalamees et al. 2005; Rinne et al. 2017). 
These findings have important implications for forest growth 
under climate change; with already increasing wildfire sever-
ity across the boreal zone (Buma et al. 2022; De Groot, Cantin, 
et  al.  2013; De Groot, Flannigan, and Cantin  2013; Natole 
et al. 2021), our data suggest that higher post-fire BNF appears 
to compensate for N loss from more severe fires, leading to re-
covery of N stocks.

We also found that stands with deciduous/mixed canopies 
had considerably higher N accumulation rates compared to 
evergreen-dominated stands, which could be a result of higher 
asymbiotic BNF rates, but direct measurements are still needed. 
The higher N tissue concentrations, N turnover, and N miner-
alization rates found in deciduous trees and forests reflect dif-
ferent N redistribution patterns within the ecosystem, but do 
not explain the origin of N. Mosses are an unlikely source of 
BNF in these forests, as they are considerably less abundant in 
deciduous-dominated stands compared to evergreen-dominated 
stands (Jean, Melvin, et al. 2020), and deciduous leaf litter has 
been shown to suppress moss-associated BNF in boreal for-
ests (Gundale et  al.  2009; Jean, Holland-Moritz, et  al.  2020). 
Other sources of BNF associated with deciduous trees may be 
an overlooked N source that can explain high rates of N accu-
mulation. For example, previous work in Finland has found N2-
fixing bacteria associated with soil under Betula trees (Rönkko 
et al. 1993; Smolander 1990). Betula is a ubiquitous deciduous 
genus in boreal forests and is phylogenetically closely related to 
Alnus, and both are members of the Betulaceae family in the 
order Fagales. Over evolutionary time, Fagales has experienced 
numerous losses in the genetic capacity to form symbioses via 
nodules (Griesmann et  al.  2018). We therefore speculate that 
the ancestral capacity to form nodulating symbioses with di-
azotrophs, coupled with our study results, suggests that this 
evolutionary branch may also support non-nodulating asymbi-
otic diazotrophs in the rhizosphere. Alternatively, some of the N 
budget discrepancy might be explained by the presence of Alnus 
in these stands or from deep mineral soil (discussed in greater 
detail below). Regardless of the origin of N, severe wildfires are 
already shifting some boreal forests towards deciduous canopies 
(Mack et al. 2021), and our findings, using data from across the 
boreal region, indicate that such shifts promote ecosystem N 
accumulation.

4.2   |   Links Between Climate and N Accumulation

Our second question asked how climate affects N accumula-
tion rates. The wide geographical spread of our chronosequence 
network enabled us to evaluate key bioclimatic controls on N 
accumulation, several of which are increasingly incorporated 
into coupled C-N Earth system models to control N inputs and 

FIGURE 2    |    (a) Overall ecosystem nitrogen (N) stocks following wildfire. The thick black line depicts the modeled N stocks of 18 pooled chronose-
quences (n = 527 forest stands), accounting for all fixed and random effects. The marginal R-squared (R2

m) accounts for fixed effects only. The green 
lines represent modeled N stocks of each chronosequence from individual models. (b–e) Ecosystem nitrogen N stocks depending on fire regime and 
canopy type. Regression lines represent modeled N stocks from full mixed effects model, controlling for all fixed and random effects in the model. 
Shading around regression lines denote 95% confidence intervals.
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limitations and are subsequently used to make climate change 
predictions (Meyerholt and Zaehle  2018). Our PCA analysis 
indicated that N accumulation rates were positively related to 
summer precipitation frequency (i.e., the average number of 
days with at least 0.1 mm precipitation), summer evapotranspi-
ration, and the Palmer Drought Severity Index. In contrast to 
potential evapotranspiration, which quantifies evaporation and 
transpiration if water is continuously supplied, actual evapo-
transpiration quantifies the amount of water that is lost given 
existing water limitations. Most coupled C–N Earth system 
models control BNF using direct positive linkages to actual 
evapotranspiration or net primary productivity, which are pri-
marily based on global-scale patterns (Cleveland et al. 1999). In 
agreement with Earth system models, our study provides robust 
empirical evidence to suggest that N accumulation rate, serving 
as a coarse indicator of whole ecosystem BNF in boreal forests, 
may be similarly predicted by integrated climate variables such 
as actual evapotranspiration. Another variable integrated in 
the PCA axis, precipitation frequency, has often been found by 
field and greenhouse studies to have positive effects on moss-
associated BNF (Hupperts et al. 2021), and our data suggest this 
may serve as a general control on total BNF (beyond just mosses) 
likely because hydration is essential for moss and diazotroph ac-
tivity (Turetsky 2003). The Palmer Drought Severity Index, in 
which higher values correspond to less severe drought condi-
tions, was also a significant component of the second PCA axis, 
reflecting greater precipitation frequency and consequently 
greater rates of N accumulation. Earth system model predictions 
of BNF have been identified as most uncertain in high-latitude 
ecosystems, including boreal forests, owing to a lack of data 
(Meyerholt et al. 2016). By revealing an empirical link between 
climate and N accumulation, our results may help strengthen 
these predictions.

4.3   |   Nitrogen Inputs

Our third question asked how N accumulation rates com-
pared to N input rates from deposition and moss-associated 
BNF. We found that known N inputs largely failed to explain 
N accumulation rates, particularly in deciduous/mixed forests 
establishing after stand-replacing fires, where 65%–94% of ac-
cumulating N was unexplained. This finding indicates a large 
knowledge gap regarding where the remaining N originates. 
Our literature synthesis demonstrated that moss-associated 
BNF is clearly the most widely studied and measured source 
of BNF in boreal forests, particularly following the study by 
DeLuca et  al.  (2002). However, our mass balance analysis 
suggests that moss-associated BNF explains very little N ac-
cumulation (only 3%) across our chronosequence network, 
and even less in deciduous/mixed stands from stand-replacing 
fire regimes, where N accumulation rates were much higher. 
Other BNF niches may help explain this other “missing” frac-
tion of inputs; however, the few published rates from other 
potential sources fall short of explaining the large discrep-
ancy that we discovered. Our literature synthesis found that 
diazotroph communities associated with live foliage, dead-
wood, litter, bark, crusts, roots, organic soil, and mineral 
soil may collectively fix approximately 0.37 kg N ha−1 year−1 
(sum of median values in Table 2), but this estimate is based 
on very few published data points and still fails to explain T
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N accumulation rates in most scenarios, even when pooled 
with mosses. Foliar endophytic N2-fixing diazotrophs have 
been suggested as an important source of BNF, but we 
found only two studies that quantified stand-scale BNF 

rates from foliar endophytes in boreal forests, averaging ap-
proximately only 0.01 kg N ha−1 year−1 (Bizjak et  al.  2023; 
Granhall and Lindberg  1978). Another potential source may 
lie belowground; some research has suggested associations 

FIGURE 3    |    (a) Published studies that measured biological BNF (BNF) in boreal forests. Studies are further identified by whether they were pub-
lished before or after DeLuca et al. (22), which prompted a strong focus on moss BNF research. Numbers in parentheses denote the number of studies. 
(b) Studies that measured BNF in boreal forests younger than 200 years (i.e., to match the age range of stands in our chronosequence network), and 
also reported upscaled rates of BNF. Published studies were compiled from a Web of Science literature search (see Methods). (c) Measured rates of 
BNF from studies in panel (b). The middle vertical line indicates the median value, the maximum and minimum lines indicate the first and third 
quartiles, respectively, and the whiskers extend to the largest value that is not further than 1.5 times the interquartile range. One outlier under the 
“Moss” category is not shown (rate = 30.1 kg N ha−1 year−1), but was included in the analysis. Lichen was measured alongside mosses; we therefore 
report the rate under the “Moss” category.

TABLE 2    |    Annual nitrogen (N) inputs from published literature. Biological nitrogen fixation (BNF) rates were calculated using published data 
from forests younger than 200 years (i.e., to match the age range of our chronosequence network), retrieved from a Web of Science literature search 
(see Methods). Long-term inorganic N deposition was estimated using the Inter-Sectoral Model Intercomparison Project (ISIMIP) database, and 
organic N deposition was assumed to account for 30% of total N deposition. Confidence intervals (CIs) were estimated with bootstrapping of 10,000 
iterations. Sample size (n) indicates the number of data points for each source.

Annual nitrogen inputs (kg ha−1 year−1)

Input Source Median 95% CI Average 95% CI n

Biological nitrogen fixation (BNF) Moss 0.19 0.09–0.25 0.44 0.29–0.61 70/71*

Alder 2.50 0.47–4.73 3.58 1.63–5.91 11

Bark 0.01 0–0.02 0.01 0–0.02 4

Crust 0.17 — 0.17 — 1

Deadwood 0.03 0–0.10 0.04 0.01–0.07 5

Foliar endophytes 0.01 0–0.02 0.01 0–0.01 5

Litter 0.05 0–0.06 0.03 0.01–0.05 9

Mineral layer 0.05 0.02–0.22 0.11 0.04–0.21 8

Organic layer 0.005 0–0.01 0.005 0–0.01 2

Roots 0.04 0.01–0.06 0.07 0.03–0.11 17

N deposition Inorganic + organic 1.55* 1.18–2.35 1.88 1.50–2.29 18
*One outlier under the “Moss” category was removed from the calculation of the average (rate = 30.1 kg N ha−1 year−1), but retained for calculation of the median.
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between diazotrophs and ectomycorrhizal fungi (Frey-Klett 
et al. 2007), but the stand-scale ecological relevance remains 
unclear. A recent study in Yellowstone National Park similarly 
found that pooled BNF rates from lichen, litter, moss, surface 
mineral soil, and wood explained less than 10% of the N ac-
cumulation rate following wildfire (Heumann et  al.  2025). 

Moss-associated BNF is clearly an important N source in old 
evergreen boreal forests (DeLuca et  al.  2002), but our pres-
ent study has revealed a marked paucity of research on other 
sources of BNF in boreal forests younger than 200 years, par-
ticularly those with deciduous-dominated canopies establish-
ing after stand-replacing fires.

FIGURE 4    |    The net N accumulation rates across our chronosequence network (±95% confidence intervals, n = 18 chronosequences comprising 
527 stands), compared with the rate of known N inputs estimated from published data (± bootstrapped 95% confidence intervals) in (a) all stands 
pooled; (b) deciduous/mixedcanopy stands after stand-replacing fire; (c) evergreen canopy stands after stand-replacingfire; (d) deciduous/mixed 
canopy stands after surface/mixed severity fire; and (e) evergreen canopy stands after surface/mixed severity fire. Nitrogen inputs in panel (d) only 
include deposition because we found no published moss-associated BNFrates from this specific stand type.
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The discrepancy between N accumulation rates and known N 
input rates persisted even under more conservative assump-
tions, such as assuming the presence of alternative nitrogenase 
co-factors with moss BNF (Darnajoux et al. 2019). Another con-
servative aspect of our calculations derives from the fact that 
modest N losses from boreal forests also occur, including leach-
ing (usually < 1 kg ha−1 year−1, but pulses up to 6 kg ha−1 year−1 
immediately after fire; Kortelainen et  al.  2006; Sponseller 
et al. 2016) and N2O emissions (up to 0.5 kg ha−1 year−1; Köster 
et al. 2017; Mason et al. 2019). Within the mass balance frame-
work that we used to estimate N accumulation and BNF, any 
such losses would equate to an additional equivalent fraction of 
input by BNF, meaning that the actual amount of unexplained N 
inputs may be higher than our estimate.

4.4   |   Alnus

Alnus spp. is often considered to be an important source of fixed 
N in high-latitude forests. Indeed, high rates of BNF by Alnus 
have been found in the Tanana River floodplain of interior 
Alaska (Cleve et al. 1971), but few studies have quantified stand-
scale BNF rates by Alnus in upland boreal forests. Our litera-
ture search found only four such studies: two in interior Alaska 
(average BNF rate = 3.8 kg ha−1 year−1; Houseman et  al.  2020; 
Mitchell and Ruess 2009), one in interior British Columbia (av-
erage BNF rate = 9.6 kg ha−1 year−1; Sanborn et al. 2002), and one 
in Sweden (average BNF rate = 0.2 kg ha−1 year−1; Granhall and 
Lindberg 1978).

In contrast to mosses, which were present in all chronose-
quences, Alnus was present in 10 of 18 chronosequences. We 
found that chronosequences with Alnus accumulated N faster 
than chronosequences without Alnus, but this effect was con-
founded with fire regime. In separate models, fire regime ex-
plained more than twice the variation in N accumulation rates 
than was explained by Alnus presence, demonstrating that 
Alnus was a less important factor explaining N stock recovery. 
Rather than contributing toward biomass and organic soil layer 
N stock accumulation (the pools that we measured), Alnus might 
exhibit lower BNF rates than described for floodplains and tem-
perate forest ecosystems (Binkley et  al.  1994; Silvester  1983), 
or the N2 it fixes may be more readily lost from the ecosystem. 
One study in Alaska found that Alnus usually exhibited BNF 
rates less than 1.0 kg ha−1 year−1, except when it occurred in 
self-replacing deciduous-dominated stands (i.e., deciduous-
dominated stands that were already deciduous-dominated prior 
to wildfire; Houseman et al. 2020). In these specific stand types, 
the study found that N inputs from Alnus ranged between 4.7 
and 11.5 kg ha−1 year−1, indicating that Alnus can be a very im-
portant source of N in specific contexts, but there is very little 
research to demonstrate this outside of Alaska. Ultimately, 
our data provide insufficient evidence to conclude that Alnus 
is a major contributor to N inputs in the majority of chronose-
quences that we studied. High-severity wildfires are already 
triggering shifts toward deciduous dominance in boreal regions 
(Mekonnen et al.  2019; Tautenhahn et al.  2016), and our data 
suggest that largely overlooked sources of N associated with de-
ciduous trees (including deep mineral soil accessed by deeper 
rooting patterns, described further below) are compensating for 
N that is lost during combustion.

4.5   |   Mineral Soil

Redistribution of N from the mineral soil is another potential 
source of N that might explain the N budget discrepancy we 
report (Heumann et  al.  2025), but direct evidence to support 
this hypothesis is lacking. Among the 10 chronosequences in 
which mineral soil N was measured (up to 30 cm depth), we 
found that it increased by approximately 5.3 kg ha−1 year−1 (95% 
CI = 2.3–8.3 kg ha−1 year−1), rather than decreased, indicating 
that net redistribution from mineral soil does not explain the 
“missing” N input. However, there was high variation in the 
mineral soil N accumulation rate despite a statistically signifi-
cant increase. Nitrogen redistributed from deeper soil may con-
tribute toward ecosystem N accumulation, but would need to 
be relatively large to sustain the increases of N that we found 
in the upper mineral layer, the organic layer, and aboveground 
biomass that was not already accounted for by N deposition and 
moss BNF. Specifically, the accumulation of N that we found in 
upper mineral soil (5.3 kg ha−1 year−1) pooled with the organic 
layer and aboveground biomass (6.9 kg ha−1 year−1) collectively 
equals approximately 12.2 kg ha−1 year−1. Accounting for N in-
puts from deposition and moss BNF (together approximately 
1.7 kg ha−1 year−1) leaves approximately 10.5 kg ha−1 year−1 that 
would potentially come from deeper mineral soil. A redistribu-
tion of this magnitude would require over 2 Mg N ha−1 over a 200-
year timespan (i.e., 10.5 kg ha−1 year−1 multiplied by 200 years), 
or approximately the entire mineral soil N stock found in this 
and other studies. There is currently no evidence from boreal 
chronosequences younger than 200 years that such redistribu-
tion is occurring. Nevertheless, estimating N stock changes over 
time in deep (> 50 cm) mineral soil represents a clear research 
frontier, but there is little agreement about the depth at which 
conclusions can be drawn.

Rock weathering may also be a source of N in boreal forests. 
Across the entire boreal forest, rock weathering may provide 
an average of approximately 0.8–1.1 kg N ha−1 year−1 (i.e., divid-
ing the value reported for boreal forest in Table 2 of (Houlton 
et  al. 2018) by the areal extent of the boreal zone (excluding 
water bodies) from the World Wildlife Fund ecoregions; Olson 
et  al.  2001). However, it is very spatially heterogeneous, with 
higher rates of N from rock weathering found in areas with ma-
rine sedimentary lithology (Houlton et al. 2018). According to 
the Global Lithology Map Database (Hartmann and Moosdorf 
2012), pockets of sedimentary lithology (along with several other 
non-sedimentary lithologies) potentially occur among all stand 
types, but were not overrepresented within any fire severity or 
canopy type.

4.6   |   Future Directions

Our data revealed that deciduous-dominated forests establish-
ing after stand-replacing fires had significantly higher N ac-
cumulation rates than other forest types, but 65%–94% of the 
accumulating N remained unexplained by the known inputs. 
This finding highlights a clear need to quantify N inputs from 
other sources besides mosses and N deposition in forests devel-
oping after stand-replacing fires. We speculate that deciduous 
trees such as Betula, which rapidly colonize recently disturbed 
sites, may support non-nodulating asymbiotic diazotrophs in the 
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rhizosphere and thus represent a key source of N in young boreal 
forests following wildfire. Betula does not form nodulating sym-
bioses, but is within the same taxonomic family (Betulaceae) 
as a known nodulating N2-fixing genus (Alnus), and within a 
taxonomic order (Fagales) that has experienced numerous losses 
of the nodulating symbiosis over evolutionary time (Griesmann 
et al. 2018). Our study also revealed a paucity of research that 
quantifies stand-scale BNF in other niches that may prove to 
be important contributors to the N budget of wildfire-affected 
forests. Stand-scale BNF associated with deadwood, the organic 
layer, lichen, foliar endophytes, roots, the mineral soil layer, lit-
ter, bark, and biocrusts has only been quantified in boreal for-
ests in one or two studies each. Consequently, there remains a 
considerable opportunity to quantify the contribution of these 
niches to the boreal forest N budget following wildfire. The role 
of deep mineral soil and rock weathering as N sources should 
also be investigated further.

5   |   Conclusions

The productivity and CO2 uptake of terrestrial ecosystems, in-
cluding boreal forests, are contingent on the availability of N 
(Norby et al. 2010; Wang and Houlton 2009), which originates 
from N deposition and BNF. Given the increasing extent and 
severity of wildfires that are occurring in boreal forests, iden-
tifying and quantifying the sources of N stock recovery among 
different wildfire regimes and canopy types is important for 
modeling and predicting boreal forest C uptake, storage, and 
productivity in a changing climate. By combining a mass bal-
ance approach with a literature synthesis, this study revealed 
that the most widely measured source of boreal BNF, mosses, 
explained only 1%–6% of accumulating N in forests < 200 years 
old, highlighting the importance of other N sources in young 
boreal forests, particularly deciduous/mixed dominance for-
ests establishing after stand-replacing fires. Higher tissue N 
concentrations, N turnover, and N mineralization rates in de-
ciduous trees and forests reflect different N redistribution pat-
terns within the ecosystem, but do not explain where the N 
originates. Our analysis therefore points to other sources of N 
such as deep mineral soil, rock weathering, and non-nodulating 
free-living diazotrophs that are associated with severe post-fire 
environments and deciduous trees (e.g., Betula or Larix), thus 
opening a new research frontier. Identifying these sources of N, 
and understanding how they respond to climate change factors 
(e.g., elevated CO2 and temperature, altered precipitation, etc.) 
is needed for refinement of coupled C-N Earth system models, 
and will help improve predictions of C and N cycle interactions 
in boreal forests under changing climate and intensifying dis-
turbance regimes.
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