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Novel fire regimes are expected in many boreal regions, and it is unclear
how biogeochemical cycles will respond. We leverage fire and vegetation
records from a highly flammable ecoregion in Alaska and present new
lake-sediment analyses to examine biogeochemical responses to fire
over the past 5300 years. No significant difference exists in 83C, %C, %N,
C: N, or magnetic susceptibility between pre-fire, post-fire, and fire samples.
However, 5'°N is related to the timing relative to fire (;(2 =19.73, p <0.0001),
with higher values for fire-decade samples (3.2 +0.3%o0) than pre-fire (2.4 +
0.2%o0) and post-fire (2.2 +0.1%o) samples. Sediment 3'°N increased gradu-
ally from 1.8+0.6 to 3.2+0.2%0 over the late Holocene, probably as a
result of terrestrial-ecosystem development. Elevated 3'°N in fire decades
likely reflects enhanced terrestrial nitrification and/or deeper permafrost
thaw depths immediately following fire. Similar §'"°N values before and
after fire decades suggest that N cycling in this lowland-boreal watershed
was resilient to fire disturbance. However, this resilience may diminish as
boreal ecosystems approach climate-driven thresholds of vegetation struc-
ture, permafrost thaw and fire.

Disturbance plays a key role in mediating the impact of climate change on the
structure and function of global ecosystems [1]. Changing disturbance regimes
may reduce ecological resilience, which is the capacity for ecosystem structure
and function to return to pre-disturbance conditions following perturbation [2].
Wildfires are the major disturbance in boreal forests, impacting plant commu-
nities, ecosystem productivity and biogeochemical cycling [3,4]. Boreal forests
may experience novel fire regimes in the future, as suggested by strong
thresholds in fire—climate relationships [5] and observed increases in the
frequency and severity of modern fires [6-9]. Understanding the resilience of
boreal forests to fire has implications for assessing ecosystem response to
high-latitude warming.

The Yukon Flats ecoregion of Alaska experiences some of the most frequent
burning in the North American boreal biome [5,7]. Recent climate-driven burning
in this warm and dry region is unprecedented in the context of the past
10000 years [8]. The region may be an analogue for other flammable boreal
areas in the future. Wildfires combust biomass and surface soils, releasing nutri-
ents and other soil-derived materials to nearby waterbodies via erosion and/or
leaching [10-12], in addition to losses via combustion [13]. Thus, fires impact
biogeochemical pathways linking terrestrial and aquatic systems [14]. Under-
standing the resilience of boreal watersheds to changing fire regimes is key in
lowland-boreal landscapes such as the Yukon Flats, where abundant lakes and
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Table 1. Mean and standard errors of biogeochemical measurements for all, pre-fire (50 years before fire), fire (within CHAR decade) and post-fire (50 years [JEI}
after fire) samples.

51¢ SN

(%o VPDB) %N (%o air N)
pre-fire 269+15 —323+0.2 24+0. 24+0.2
fire 221+£50 =313£11 18+04 32+03
post-fire 229+24 —30.8 +0.5 20+0.2 22+0.
all 246+14 —31.6£03 22+0.1 24+0.

wetlands provide critical habitat for millions of North Ameri-
can waterfowl [15] and alter regional carbon dynamics [16].

The capacity for post-disturbance recovery is assumed to
be low in retrogressive ecosystems such as mature N-limited
boreal forests, where fires can result in nutrient losses that
exceed inputs [17]. However, a recent study in the Yukon
Flats suggested resilience of lake ecosystems to modern fires
on annual timescales [18]. Despite this finding, it remains
unclear how resilient boreal watersheds are to fires at
longer timescales and under different fire regimes [14].
Palaeoecological archives are valuable for assessing ecosys-
tem resilience to changing disturbance regimes at multiple
timescales [12,19]. Lake sediments incorporate watershed
materials that enter the lake following disturbance, as well
as biogeochemical signals of aquatic nutrient cycling, which
may be responsive to changes in the quantity and/or quality
of terrestrial inputs. In this study, we use sediment cores from
a site in the Yukon Flats with a well-established fire history
[8] to examine the impact of fires on ecosystem biogeochem-
istry and resilience during the past 5300 years.

2. Materials and methods

In 2007, we collected sediment cores from Screaming Lynx Lake
(SL07; 66.06815°N, 145.40440°W, 223 m.a.s.l.), Yukon Flats,
Alaska (electronic supplementary material, figure S1). The lake
has a small surface area (0.03 km?) within a 0.7-km? watershed
underlain by discontinuous permafrost [20]. Sediment cores
were obtained from the deepest part of the lake (water depth =
7.4 m), and correlated based on visual stratigraphy and magnetic
susceptibility (MS), resulting in a continuous 390.5-cm sediment
sequence. These sediments were used for a fire-history recon-
struction (electronic supplementary material, figure S2a) [8].

In this study, we conducted geochemical analyses on the
SL07 sediments spanning the past 5300 years, which capture the
regional Holocene establishment of boreal forests (electronic sup-
plementary material, figure S3). We identified sediment samples
with significant peaks in charcoal-accumulation rate (CHAR; #
charcoal particlescm™ yr™'), representing fire events within
approximately 1 km of the lake [21]. To remove the influence of
multiple fires, we identified CHAR peaks in samples with (1) no
other significant CHAR peaks within a 50-year interval before
the fire decade, and (2) low variability of charcoal concentration
in surrounding samples within a 100-year window (electronic sup-
plementary material, figure S2d). We manually chose five CHAR
peaks meeting these criteria at 220, 1995, 2630, 3090, and 5190 cal
BP to capture a broad temporal range in the record. We sub-
sampled 0.5-cm® sediment at contiguous 0.25-cm intervals over
a 2.5-cm section centred on each CHAR peak to achieve decadal
resolution for sediment deposited <50 years before and after fires.

Bulk sediment samples were analysed for weight percentages
of C and N, §°C, §"N and MS (electronic supplementary

magnetic age range no. of

susceptibility (years since fire) samples
13402 11£02 11-54 25
142+13 29+19 0 5
13.2+0.2 42+14 11-56 25
134+0.2 27107 55

material, table S1). We tested for significant differences in pre-
fire, fire, and post-fire values for all measurements using one-
way analysis of variance. We examined the effect of time relative
to fire on 8'°N with a linear mixed-effects model, accounting for
the random effect of long-term variability [model=§""N ~
timing + (1| fire age)+£]. The model was constructed in the
nlme package in R [22], and model significance was assessed
using a likelihood-ratio test.

3. Results

Mean C:N and 8'°C of the SL07 sediments are 13.4 = 0.2%o
and —31.6 = 0.3%o, respectively (table 1). %C (mean =24.6 +
1.4) and %N (mean=22+0.1) are highly correlated (r=
0.97, p <0.0001), with a %N-intercept of 0.0007. No significant
difference exists for %N, %C, C:N or 8'3C between pre-fire,
fire, and post-fire samples (figure 1). Similarly, MS shows
no significant difference between pre-fire, fire, and post-fire
samples (Fy5, =2.48, p=0.094). MS is overall low (2.7 +0.7)
in the SL07 sediments. The only exception is high MS follow-
ing the 1995 cal BP fire (17.6 + 1.3; electronic supplementary
material, figure S4), associated with a 2-cm clay band.

Sediment §'°N increases through time over the past 5300
years (figure 2a). Of all the geochemical measurements, only
3'°N differs significantly (p <0.05) among pre-fire, fire, and
post-fire samples (F,5,=4.02, p=0.024), with a mean value of
3.2+0.3%0 for fire decades compared 2.4 +0.2%0 and 2.2+
0.1%o for pre- and post-fire, respectively (table 1). Our linear
mixed-effects model shows that sediment §'°N is significantly
related to timing relative to fire (x3 = 19.73, p < 0.0001). Specifi-
cally, 8'°N in the fire decade (3.2 + 0.3%o) is significantly higher
than pre-fire values (2.4 +0.2%o; t4g=3.76, p=0.0005). How-
ever, post-fire §'°N (2.2+0.1%0) does not significantly differ
from pre-fire values (t45 = —1.80, p = 0.0782).

4. Discussion

(a) Millennial-scale trends reflect long-term terrestrial

processes
Bulk 8"°N of lake sediments integrates signals from aquatic
and terrestrial sources and from processes over multiple time-
scales [23,24]. We use other geochemical data to constrain our
interpretation of §'°N from SL07. Overall low MS and lack of
significant differences in MS among pre-fire, post-fire, and fire
samples suggest limited erosion of lithic material into the lake
following fire, with the exception of a clay layer with high MS
and 8'°C immediately following the 1995 cal BP CHAR peak
(electronic supplementary material, figure S4). CHAR peaks
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Figure 1. Boxplots (diamond = mean, circle = outlier) of SL07 biogeochemical proxies for pre-fire, fire and post-fire samples. (Online version in colour.)
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Figure 2. (a) Boxplots of &N for pre-fire, fire and post-fire samples for each fire event, showing a temporal trend. (b) Betula, Alnus and P. mariana relative pollen
abundance, with sampling intervals for fires in this study. (Online version in colour.)

represent atmospheric deposition of particles from fires did not burn deeply into the soils. The strong relationship
within approximately 1km of the lake [21], and thus the between %C and %N, and the low y-intercept value, indicates
lack of eroded material for most peaks could either reflect little to no influence of inorganically bound nitrogen on sedi-

that fires did not burn on the lake margin and/or that fires ment 8'°N [23]. Furthermore, relatively low C:N (13.4+0.2)
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and §'°C (=31.6 +0.3%o) suggest limited contribution of ter-
restrial (C:N >20) compared to aquatic (C:N <10) organic
material [25]. Thus, we interpret 8"°N as predominately
reflecting changes in the isotopic composition of aquatic
material incorporated into the sediment.

The gradual 8N increase over the past 5300 years
(figure 2a) is probably related to terrestrial processes in the
watershed. Positive relationships between soil, foliar and
lake-sediment 3'°N have been identified in non-boreal set-
tings where 8'°N may be an indicator of ecosystem-scale N
availability [26-28]. However, increasing N availability is
not a plausible explanation for the late-Holocene &'°N
increase at our site. In boreal ecosystems, declining N avail-
ability typically characterizes retrogressive stages of
ecosystem development [29,30]. In Alaska, such retrogressive
development occurred with the late-Holocene establishment
of Picea mariana-dominated forests [31,32]. At SL07, P. mariana
increased from 1 to 14% of the pollen sum over the past 5300
years (figure 2b). Foliar and soil 8'°N values can be
decoupled in boreal forests because P. mariana (black
spruce) uses organic N via ectomycorrhizae, which strongly
fractionates against '’N [33], compared to ecosystems that
primarily rely on inorganic ammonium and nitrate [27].
Picea mariana foliage and litter are thus extremely depleted
in "N, while soils become progressively enriched [33,34] as
this species increased in abundance over the late Holocene.
Thus, we interpret the late-Holocene increase in 8N as a
signal of soil development associated with the expansion
of P. mariana and the delivery of isotopically heavier
soil-derived N to the lake.

Other interpretations may explain the late-Holocene
increasing trend in sediment §'°N. For example, the
mid-Holocene expansion of N-fixing Alnus increased lake
productivity and lake-sediment §'°N in southwestern
Alaska [35,36]. However, Alnus pollen percentages were rela-
tively stable over the past 5300 years at SLO7 (electronic
supplementary material, figure S3). Picea mariana grows in
cool/wet soils that are more acidic, poorly drained and recal-
citrant than soils beneath deciduous vegetation [37]. These
conditions can enhance denitrification, which discriminates
strongly against "N [23]. However, P. mariana forests have
lower mineralization and nitrification rates than deciduous
stands [37,38], and low available nitrate limits denitrification
[39]. Fire-regime changes may have also played a role in driv-
ing the late-Holocene §"°N increase, given that charcoal
records suggest increased burning over the past 5300 years
in the Yukon Flats (electronic supplementary material,
figure S2c). However, this interpretation is inconsistent with
the return of post-fire 8"°N to pre-fire values after each fire
at SL07 (discussed below). Yet, another explanation is pro-
gressive deepening of the lake, resulting in stratification
and anoxic bottom waters, and thus increasing within-lake
denitrification. This interpretation is not supported by
palaeorecords from this region indicating variable moisture
conditions and lake levels over the late Holocene [40,41].
Furthermore, it is unlikely that this shallow lake remained
stratified during spring and autumn overturns.

Our results suggest ecosystem resilience to fire on decadal
timescales over the late Holocene. Specifically, we find no

change in all of the sediment indicators following fires at [ 4 |

SL07, with the exception of 8'°N, which quickly recovered.
These results contrast with recent work on fire-induced nutri-
ent dynamics in a subalpine watershed during the late
Holocene, which showed marked multidecadal changes in
lake-sediment %C, %N, C:N and 8°N following high-
severity fires [12]. Differences in topography and hydrology
may explain these contrasting results. Terrestrial and aquatic
systems in steep subalpine watersheds are tightly coupled,
promoting rapid fluxes of terrestrial debris to lakes following
fires. Similarly, upland boreal watersheds also experienced
elevated nutrients over several decades in response to fires
[11]. By contrast, the SL07 watershed is characterized by
low surface relief, which may have inhibited post-fire erosion
of terrestrial debris to the lake despite the relatively large
drainage basin (watershed :lake area=23.3; electronic
supplementary material, figure S1), highlighting the role of
landforms in modulating aquatic linkages to terrestrial
disturbance.

Low-relief boreal and wetland environments such as the
Yukon Flats have poorly developed fluvial networks, which
can minimize the impact of fires on adjacent lakes [18].
However, elevated §'°N during fire decades at SL07 indicates
increased nutrient influx to the lake. One mechanism that
may enhance nutrient leaching from terrestrial to aquatic
pools is an increase in soil infiltration depths and subsurface
drainage associated with increased permafrost thaw depths
[42,43]. Removal of organic matter during fire increases soil
thermal conductivity, which can result in deepening of the
permafrost active layer [44]. In addition to enhancing sub-
surface flow, lowering of the permafrost table from fire-
driven soil warming could increase the availability of
deeper N pools, which are '°N-enriched relative to surface
organic soils removed during fire [42,45]. Our record suggests
that increased thaw depths following fire can be an important
indirect hydrologic pathway connecting lakes to terrestrial
disturbance in low-lying boreal areas.

In addition to enhancing subsurface hydrological connec-
tivity, fires can increase short-term N availability in the soil
by converting organic N to ammonium and nitrate [46].
Although soil ammonium increases are short-lived (less
than 2 years), nitrification of ammonium can elevate soil
nitrate pools for several years after fire [46,47], which can
be rapidly leached into nearby lakes and streams in boreal
settings [10,11]. Nitrification strongly discriminates against
BN, and thus leached nitrate could increase the §°N of
aquatic material [23]. In addition, terrestrial N losses from
biomass volatilization may be offset by N fixation via
Alnus, which is a major early post-fire colonizer. Enhanced
early successional N availability from Alnus N-fixation
could accelerate N cycling and 8N fractionation in soils
and/or in the aquatic environment [35,36]. Enhanced nitro-
gen export and nitrate leaching from boreal soils in interior
Alaska have also been linked to increased permafrost thaw
depths [42,43,48], which could be further exacerbated by
fire activity.

The rapid return of sediment §'°N to pre-fire values
within 50 years following fire suggests that N cycling in
lowland-boreal watersheds is resilient to fire. This finding is
not surprising, given that post-fire successional plants have
a high capacity for N uptake [49] and that soils can rapidly
return to N-limited conditions. The rapid recovery of §'"°N
following fire is consistent with recent findings regarding



post-fire vegetation succession in boreal forests, which
suggest a substantial seed bank following fire, rapid stand
self-replacement (3-10 years), and stabilizing fire-soil-
vegetation feedbacks that promote resilience [50,51].

Recent studies in other forested ecosystems revealed
evidence of decreasing resilience to recent burning. For
example, temperate forests near the edge of their climatic
tolerances have shown diminished seedling densities and
high regeneration failures following fire [52]. Despite evi-
dence for resilience as demonstrated in this study, boreal
forests in Alaska may already be approaching thresholds of
vegetation structure, carbon cycling and fire regimes in
response to climate change and climate-fire feedbacks
[53,54]. For example, enhanced fire regimes may promote
deciduous vegetation and/or alter soil carbon storage, repre-
senting a fundamental shift in ecosystem state that can alter
nutrient cycling [53,55]. Furthermore, ongoing increases in
summer temperatures and fire may increase permafrost

active-layer depths in lowland areas and alter subsurface [ 5 |

hydrological networks, which could enhance the connectivity
and nutrient fluxes. Future studies should assess the vulner-
ability and resilience of boreal landscapes in the context of
altered vegetation, permafrost and hydrology in response to
novel climate conditions and fire regimes.

Raw data and a copy of the electronic supplementary
file can be accessed from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.440rk01 [56].
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