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Abstract

1. Wildfires strongly influence forest ecosystem processes, including carbon and

nutrient cycling, and vegetation dynamics. As fire activity increases under chang-
ing climate conditions, the ecological and biogeochemical resilience of many for-

est ecosystems remains unknown.

. To investigate the resilience of forest ecosystems to changing climate and wild-

fire activity over decades to millennia, we developed a 4800-year high-resolution
lake-sediment record from Silver Lake, Montana, USA (47.360°N, 115.566°W).
Charcoal particles, pollen grains, element concentrations and stable isotopes of
C and N serve as proxies of past changes in fire, vegetation and ecosystem pro-
cesses such as nitrogen cycling and soil erosion, within a small subalpine forest
watershed. A published lake-level history from Silver Lake provides a local record

of palaeohydrology.

. A trend towards increased effective moisture over the late Holocene coincided

with a distinct shift in the pollen assemblage c. 1900yr BP, resulting from in-
creased subalpine conifer abundance. Fire activity, inferred from peaks in mac-
roscopic charcoal, decreased significantly after 1900yr BP, from one fire event
every 126yr (83-184yr, 95% Cl) from 4800 to 1900yr BP, to one event every
223yr (175-280yr) from 1900yr BP to present.

. Across the record, individual fire events were followed by two distinct decadal-

scale biogeochemical responses, reflecting differences in ecosystem impacts of
fires on watershed processes. These distinct biogeochemical responses were in-
terpreted as reflecting fire severity, highlighting (i) erosion, likely from large or
high-severity fires, and (ii) nutrient transfers and enhanced within-lake produc-
tivity, likely from lower severity or patchier fires. Biogeochemical and vegetation
proxies returned to pre-fire values within decades regardless of the nature of fire

effects.

. Synthesis. Palaeorecords of fire and ecosystem responses provide a novel view

revealing past variability in fire effects, analogous to spatial variability in fire se-
verity observed within contemporary wildfires. Overall, the palaeorecord high-

lights ecosystem resilience to fire across long-term variability in climate and fire
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1 | INTRODUCTION

Wildfire activity is increasing across western North America, en-
abled in part by anthropogenic climate change (Abatzoglou &
Williams, 2016; Kirchmeier-Young et al., 2017; Zhuang et al., 2021).
In forests of the western United States, abundant fuels are ex-
pected to support continued climate-enabled increases in area
burned through mid-century (Abatzoglou et al., 2021). Although
fire is a long-standing process in these systems, altered fire regimes
in concert with changing climate conditions can initiate vegetation
transformations (Coop et al., 2020) and shifts in carbon (C) and
nitrogen (N) cycling (Chen et al., 2017; Kelly et al., 2015; Walker
et al., 2019), representing a loss of ecosystem resilience to fire (Seid|
& Turner, 2022).

Resilience is a key organizing concept for understanding eco-
logical change, defined as the capacity of an ecosystem to recover
following a disturbance and retain fundamental processes, struc-
tures and species composition (Gunderson, 2000). While much of
the literature on resilience has focussed on vegetation responses
to disturbance (e.g. Blarquez & Carcaillet, 2010; Falk et al., 2022),
system resilience emerges from both ecological and biogeochemical
dynamics, encompassing processes operating on multiple timescales
(Smithwick, 2011). Under historical conditions, many forest ecosys-
tems exhibit resilience to fires (e.g. Carcaillet et al., 2010), with soil
C and N typically recovering to pre-fire levels within years to de-
cades alongside microbial and vegetation communities (Dunnette
etal., 2014; Li et al., 2021). However, severe fires can create legacies
in forest soils that persist for decades (e.g. Bowd et al., 2018), and
shifts in fire regimes can alter slowly varying soil organic matter and
nutrient pools (DelLuca & Sala, 2006; Pellegrini et al., 2020; Tierney
etal., 2019). In turn, ecosystem modelling suggests that fire-induced
N losses could constrain terrestrial productivity in global savanna
biomes (Pellegrini et al., 2018); similar effects are also possible in
forests (Toberman et al., 2014). Key uncertainties remain about the
degree of coupling between vegetation and nutrient cycling in post-
fire successional change (Dove et al., 2020; Hart et al., 2005), making
it challenging to anticipate forest responses to changing fire activity
in the context of ongoing climate change.

Fire frequency, behaviour and severity are key determinants
of the magnitude and duration of fire effects on biogeochemical
processes (Smithwick et al., 2005). Much of our understanding of
the biogeochemical implications of fire-regime change comes from

activity. Higher fire frequencies in past millennia relative to the 20th and 21st
century suggest that northern Rocky Mountain subalpine ecosystems could re-
main resilient to future increases in fire activity, provided continued ecosystem

recovery within decades.

climate change, ecological resilience, fire regime, fire severity, lake-sediment record,
palaeoecology, stable isotopes, subalpine forest

long-term experiments or spatial comparisons in ecosystems that
have historically experienced frequent, low-severity fires (i.e. fires
that do not kill the majority of trees, once every few years to de-
cades on average). In contrast, in ecosystems historically character-
ized by infrequent, high-severity fires (i.e. fires that kill the majority
of trees, once every century or more on average), the implications of
fire-regime changes are less well-constrained due to a lack of long-
term empirical datasets. High-resolution palaeoecological records
help fill this knowledge gap by resolving the effects of individual
disturbances (e.g. Blarquez & Carcaillet, 2010), which ultimately
scale up to shape ecosystem changes over millennia, highlighting
the potential for both long-term variation and stability in ecosystem
dynamics (Carcaillet et al., 2020; Hudiburg et al., 2017). Such retro-
spective information provides context for anticipating the effects of
anthropogenic climate change and shifting fire regimes on element
cycling in ecosystems characterized by infrequent, high-severity fire
regimes.

Existing palaeoecological records reveal diverse impacts of
wildfires on terrestrial and aquatic ecosystems, leaving signals in-
tegrated through proxies measured in lake sediments. For example,
high-severity fires in a subalpine forest in Colorado resulted in losses
of N, S and base cations (Ca, K and Mg) from the terrestrial environ-
ment through volatilization and enhanced postfire erosion, followed
by re-accumulation over several decades during forest aggradation
(Dunnette et al., 2014; Leys et al., 2016). However, records from
other subalpine forests and boreal regions reveal a variety of post-
fire changes in lake-sediment geochemistry (Chipman & Hu, 2019;
Pompeanietal., 2020), arising in part from differences in topography,
organic matter sources and sample resolution (Morris et al., 2015).
Varying ecosystem responses to fire have not been observed within
a single multi-millennial record, making it challenging to separate the
relative influences of site characteristics, fire severity and longer-
term climatic- or fire-regime change on ecosystem processes.

In the present study, we evaluate decadal-scale biogeochemical
and vegetation responses to fire (i.e. ‘fire~ecosystem dynamics’),
within the context of long-term climatic change over recent millen-
nia. We use a lake-sediment record from the U.S. northern Rocky
Mountains to investigate two questions: (1) how do vegetation and
biogeochemical processes respond to wildfires over successional
timescales; and (2) how do these ecosystem responses to fire vary
over periods of directional climate change in past millennia? Here,
we summarize biogeochemical and vegetation responses to wildfires
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using a simple definition of resilience: recovery of a response vari-
able to pre-fire levels, within a time period shorter than the aver-
age fire return interval (FRI; MclLauchlan et al., 2014; Napier &
Chipman, 2022). We hypothesize that recovery of biogeochemical
processes consistently occurs within decades after fire due to close
coupling with forest succession, supporting ecosystem resilience to
individual fires. We further hypothesize that fire-ecosystem dynam-
ics are sensitive to climate, directly or indirectly, such that long-term
changes in climate and vegetation communities over millennia would
alter decadal-scale ecosystem responses through shifts in fire fre-
quency, fire effects (i.e. fire severity) and/or postfire recovery times
(e.g. fig. 5a, McLauchlan et al., 2014). Alternatively, a lack of varia-
tion in ecosystem responses to individual fires would indicate low
sensitivity of fire-ecosystem dynamics to climatic changes experi-
enced in recent millennia. The result of a directional trend in climate
thus may be long-term stability, or a ‘stair step’ biogeochemical trend
due to changes in fire-ecosystem dynamics (fig. 5b, McLauchlan
etal., 2014).

To investigate these hypotheses, we developed a 4800-year
multiproxy biogeochemical, vegetation and fire-history record from
Silver Lake, Montana, USA. Silver Lake is situated in a subalpine for-
est watershed in the northern Rocky Mountains, and a published
lake-level reconstruction from this site provides a local palaeohy-
drology record (Parish et al., 2022). This represents a rare pairing
of co-located palaeoecological and palaeoclimate reconstructions,

which allows us to build on and extend prior work by testing the
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effects of long-term climatic change on decadal-scale ecosystem im-
pacts of past fires. A suite of biogeochemical proxies with decadal
resolution integrates both direct (e.g. combustion and volatilization)
and indirect (e.g. postfire erosion and revegetation) effects of fire on
C and nutrient pools. We draw comparisons between the late Ho-
locene record described here and changes expected over the 21st
century to help anticipate the potential resilience of subalpine forest

ecosystems to shifting climate and wildfire activity.

1.1 | Study area and site description
Silver Lake is located in the northern Bitterroot Mountains in the
Lolo National Forest, Montana, USA (Figure 1). The lake has a surface
area of 5.26ha and a maximum water depth of 18.8m. Silver Lake
lies at 1623 m elevation in a c. 100-ha cirque basin dammed by a gla-
cial moraine, with no significant inlet streams and a seasonal outlet.
The lake basin lies on the Proterozoic Wallace Formation, composed
of dolomitic quartzite and siltite capped by black argillite, and is lo-
cally intersected by diorite (Vuke et al., 2007). Soils in the watershed
are deep, well-drained andisols and inceptisols derived from glacial
till overlain by volcanic ash, both of which were deposited since the
Last Glacial Maximum ~18,000years ago (USDA-NRCS, 2019).
Subalpine forests in the Silver Lake watershed are dominated by
Abies lasiocarpa (Hook.) Nutt. (subalpine fir) and Picea engelmannii

Parry ex Engelm. (Engelmann spruce), with smaller components of
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FIGURE 1 Location, climate and bathymetry of Silver Lake. (a) Bathymetry of Silver Lake, with coring location. (b) Regional climate
(30-year normal of mean annual temperature and total precipitation) for subalpine forests within the Bitterroot Mountains ecoregion (grey
outline in (d); Bailey, 1995), compared with the climate of Silver Lake (blue dot). (c, d) Location of Silver Lake near the Idaho-Montana state
line. The green area delineates the potential extent of Rocky Mountain subalpine forest based on LandFire Environmental Site Potential
(landfire.gov). The location of the study area is represented by a square in (d), with the Bitterroot Mountains ecoregion shown in grey.
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Tsuga mertensiana (Bong.) Carriere (mountain hemlock), Pinus con-
torta Dougl. var. latifolia Engelm. (lodgepole pine) and Larix occiden-
talis (western larch). Broadleaf taxa are not a significant component
of subalpine forests in the region. Alder trees (Alnus rubra Bong.) and
shrubs (Alnus viridis ssp. sinuata (Regel) Love & Love) are common
within the region in riparian and disturbed areas, respectively. The
site burned most recently in 1918 CE, but not in the regionally exten-
sive fire year of 1910 (Gibson et al., 2014). Total annual precipitation
averaged 1307 mm+197 (SD), and mean annual temperature aver-
aged 4.4°C+0.7 from 1981 to 2010 (PRISM Climate Group, 2021).
Precipitation is snow-dominated, with melt-off typically occurring in
June in high-elevation areas. The fire season is most active during
the driest months of July and August, during which an average of
less than 50 mm of rain falls.

Palaeohydrology in the study region is well-resolved by a lake-
level reconstruction from Silver Lake itself (Parish et al., 2022). The
record provides evidence of increasing effective moisture c. 2800
calendar years before present (hereafter yr BP, with present defined
as 1950 CE), with modern lake levels reached c. 1800yr BP. Coinci-
dent shifts in vegetation at regional sites corroborate the timing of

hydroclimate changes at Silver Lake (Figure S2).

2 | MATERIALS AND METHODS
2.1 | Lake-sediment sampling

Permission to collect sediment cores was given by the Lolo National
Forest and did not require a formal permit. Two overlapping sedi-
ment cores were collected from the deepest part of the lake in Sep-
tember 2017 using a 7.62-cm diameter, modified Livingstone piston
corer (Wright et al., 1984). A total of c. 8m of sediment were recov-
ered, terminating in a thick tephra layer inferred to be the Mount
Mazama tephra (c. 7631 calyr BP; Egan et al., 2015). A short core was
collected in June 2018 using a polycarbonate tube piston corer, and
the upper c. 30cm of sediment was extruded vertically in the field
at 0.5-cm intervals. Deeper cores were extruded horizontally in the
laboratory, split lengthwise and photographed.

The record was characterized by uniform dark brown gyttja with
fine laminations in the uppermost c. 21cm and intermittent lam-
inations throughout the deeper sediments. Cores were correlated
based on visual stratigraphy and combined with overlapping sec-
tions to produce a continuous record. Cores were sliced at 0.5-cm

intervals for subsequent proxy development.

2.2 | Chronology

Sediment ages were inferred based on measurements of 2'°Pb activ-
ity in 15 samples spanning the upper 40cm of sediments, AMS *4C
from terrestrial macrofossils or charcoal in 14 samples from deeper
sediments and three estimated ages of tephra layers (Table S1).
Measurements of 21°Pb activity were obtained from Flett Research

Ltd. (Manitoba, Canada), and two measurements of 2?°Ra activity
were used to confirm supported 2'°Pb activity. Ages were estimated
using the constant rate of supply model (Binford, 1990). Tephra lay-
ers were identified visually, and ages were inferred based on known
tephra deposits at Silver Lake (Parish et al., 2022). Radiocarbon
dating was conducted at the Lawrence Livermore National Labo-
ratory's Center for Accelerator Mass Spectrometry, and e ages
were calibrated using IntCal20 (Reimer et al., 2020). An age-depth
relationship was built using the package rbacon in R (v. 4.1.1, R Core
Team, 2021), with flexible priors to allow a range of sediment accu-
mulation rates (Figure S1; Blaauw & Christen, 2011).

2.3 | Vegetation history

Local vegetation change at Silver Lake was inferred from pollen
analyses from 54 sediment samples within the past 5000vyears, cor-
responding to one sample every 96years on average (SD=236). Sub-
samples were processed using standard methods (Faegri et al., 1989),
and pollen was counted at 400x magnification (EMH Consulting,
LLC). Pollen was identified to the lowest taxonomic level possible
using keys (Faegri et al., 1989; Kapp et al., 2000) and the modern
reference collection at the University of Oregon. A minimum of 300
terrestrial pollen grains were identified in each sample, averaging
366 grains (SD=16). Although A. lasiocarpa and A. grandis are both
present in our study area, they are not distinguished based on pol-
len. Cyperaceae was excluded from pollen sums due to its high abun-
dance in some samples (up to 90%), likely originating from wetland
taxa along the lake margin. Pollen concentration was determined by
adding a known concentration of an exotic tracer (Lycopodium) and
used to calculate pollen accumulation rate (PAR).

Pollen abundances were summarized as percentages of the ter-
restrial sum. Pollen types present in at least 50% of samples and with
a maximum abundance of at least 1% were considered major taxa
(Chileen et al., 2020); these taxa were further grouped into three
categories: conifer (trees), broadleaf (trees and shrubs) and herba-
ceous (understory grasses and forbs). Pollen percentages were used
to calculate squared-chord distances, and a stratigraphically con-
strained clustering analysis using the CONISS method was applied
to identify distinct pollen zones (rioja package in R). The relative pro-
portion of overstory-to-understory taxa (AP:NAP) was calculated
using the equation [a-b]/[a+b], where a is the sum of arboreal pol-
len counts (conifer and deciduous) and b is the sum of nonarboreal
pollen counts (shrubs and herbaceous plants), to yield an index that is
symmetric and bounded between -1 and 1 (e.g. Chileen et al., 2020;
Jiménez-Moreno et al., 2011). We calculated a conifer-to-broadleaf
pollen ratio (conifer: broadleaf) using the same equation.

To assess decadal-scale vegetation responses to fire, each pollen
sample was classified based on time-since-fire. Pollen percentages
of each sample reflect the average plant assemblage over the pe-
riod recorded by the 0.5-cm sediment slice (c. 5years, the median
sample resolution). Time-since-fire values were determined as the

age difference between the sediment sample from which pollen was
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extracted and the closest prior sediment sample with an identified
charcoal peak (Chileen et al., 2020); see below for charcoal peak de-
tection methods. Pollen samples that were within 10years before a
charcoal peak or up to 40years after were considered fire-coincident
(‘fire’, n=15), to account for potential imprecision in identifying the
exact timing of charcoal peaks (which can span multiple samples).
We interpret these samples as generally reflecting the short-term
(first- and second-order) fire effect on the plant assemblages. These
fire-coincident samples were compared with ‘nonfire’ samples,
from 41 to 80years (h=7), 81 to 120years (n=11) and >120years
(n=20) after charcoal peaks. We interpret these samples as reflect-
ing postfire successional changes in vegetation assemblages. Pollen
percentages and ratios from among these four sets of samples were
compared using nonparametric Wilcoxon rank-sum and Kruskal-
Wallis tests to evaluate differences in the median abundances of

major pollen taxa following fires.

2.4 | Fire history

For charcoal analysis, sediment subsamples of 3cm® were taken
from continuous 0.5-cm slices and soaked in a 5% sodium metaphos-
phate solution for 72h before gently wet sieving through a 125-pm
wire mesh sieve. Samples were soaked in a 2% sodium hypochlorite
solution for an additional 24 h and sieved again, and charcoal parti-
cles were identified visually under a stereomicroscope and counted
at 10-40x magnification.

The time series of charcoal accumulation rates was analysed
using CharAnalysis (Higuera, 2009) in MATLAB (MathWorks, 2021)
to identify distinct peaks that were inferred as local fire events (i.e.
one or more fires within c. 500-1000m of the lake during the 10-
year sampling interval) (Whitlock & Larsen, 2001). Prior to peak
detection, charcoal concentrations (pieces cm™®) were interpolated
to a constant timestep of 10years and multiplied by sediment accu-
mulation (cmyear?) to calculate charcoal accumulation rate (CHAR,
pieces cm 2year™). Low-frequency trends in CHAR (‘background’)
were estimated with a 500-year locally weighted regression robust
to outliers (Cleveland, 1979), which was subtracted from the CHAR
time series to produce a residual time series. Peaks in residual CHAR
that exceeded the 99th percentile of a locally fit Gaussian mixture
model were identified and screened using a minimum-count test; a
charcoal peak was interpreted as a fire if it had less than a 5% prob-
ability of coming from the same Poisson distribution as the minimum
charcoal count within the prior 75 years.

We used the identified charcoal peaks to characterize the fre-
quency component of the fire regime within two time periods, de-
fined based on pollen zones. The timing of fire events was used to
calculate FRIs, and the mean fire return interval (mFRI) was summa-
rized for each zone. We estimate 95% confidence intervals around
the mFRI from 1000 bootstrapped samples of FRIs within each zone.
To detect potential changes in fire regimes, a two-parameter Weibull
model was fit to the FRIs from each zone using maximum likelihood
techniques (fitdistrplus package in R). Weibull models are commonly

used to describe fire-interval distributions, which are not expected
to be normally distributed (Johnson & Gutsell, 1994). Goodness-of-fit
between the Weibull model and empirical distribution was assessed
using a one-sample K-S test. We tested the null hypotheses that the
distribution of FRIs did not differ between zones using a likelihood
ratio test following methods described by Higuera et al. (2009).

2.5 | Sediment biogeochemistry

We selected a suite of biogeochemical proxies to characterize the
site context and investigate decadal-scale fire effects on watershed
processes such as nutrient loss and retention. To infer terrestrial and
aquatic ecosystem responses to fire, we used multiple proxies that
reflect variations in whole-ecosystem N availability (5*°N), sediment
organic matter composition and origin (C, N, C:N and 5'3C), trans-
fers of base cations and other lithogenic minerals from the terrestrial
environment to the lake (Ti, K, Ca, Al, Si, Mg, P and S) and within-
lake dynamics (Fe and Mn). Interpreted together, these variables
integrate N-cycle dynamics, terrestrial and aquatic organic matter
inputs and processing, and allochthonous clastic detritus from soil
erosion, providing information about watershed processes difficult
to distinguish from individual proxies alone (Boyle, 2001; Mey-
ers, 1997; Talbot, 2001). Here, we briefly highlight links with primary
biogeochemical signals that inform our selection and use of these
proxies. Sedimentary 8*°N values integrate ecosystem N availabil-
ity, with higher values resulting from a more ‘open’ N cycle with
greater fractionating N losses, and low values representing greater
N conservation, such as during forest aggradation (Robinson, 2001;
Vitousek & Reiners, 1975). Sedimentary §*3C often correlates with
lake productivity (Brenner et al., 1999), while C:N provides a proxy
for the relative contributions of algal (values c. 4-10) versus ter-
restrial organic matter (values >20; Meyers & Teranes, 2001). Ti is
biologically inert, and it is used here as a proxy for clastic detritus
from soil erosion (Davies et al., 2015); this interpretation of Ti is cor-
roborated by variation in concentrations of other rock-derived ele-
ments. Redox-sensitive elements, such as Mn and Fe (or their ratio),
provide an indication of redox conditions in the water column or
upper sediments (Davies et al., 2015). Although interpretations of
elements with multiple potential origins are more ambiguous (e.g.
rock-derived vs. biogenic silica), we included these in our analysis to
fully characterize the sediment composition.

Biogeochemical proxies were analysed from each
0.5-cm-interval sample spanning the past c. 4800years, totalling
861 samples. Subsamples of 0.5-1 cm™ were oven dried at 65°C
for at least 48h and homogenized. Dried samples were weighed
prior to geochemical analyses to calculate bulk density (g dry mass
cm™). The concentrations of 10 major elements (Al, Ca, Fe, K,
Mg, Mn, P, S, Si and Ti) were measured using X-ray fluorescence
(XRF) at the Paleoenvironmental Lab at Kansas State Univer-
sity. Samples were measured using a handheld Bruker Tracer 5i
wavelength-dispersive XRF analyzer for 300s, and the concen-
tration of each element (% dry mass) was calculated using a soil
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calibration. Analytical precision was estimated by conducting at
least three repeat measurements on a set of 60 samples spanning
the core, with an average coefficient of variation of approximately
3%-9%.

Sediment C, N and isotopic composition were measured on the
same sediment samples using a Costech 4010 Elemental Analyzer
and a Thermo Finnigan Delta V Plus XP mass spectrometer at the
University of Wyoming Stable Isotope Facility. Sediment C and N
are reported in % dry mass. Isotope ratios are reported relative to
VPDB for carbon and atmospheric N, for nitrogen, using standard
delta notation (5*3C, 8%°N, %o). Analytical precision was estimated
via repeat measurements for 56 samples spanning the core. Preci-
sion was +0.07%o and +0.04%o for 8*°N and §'°C, and +0.14% and
+0.01% for C and N, respectively. A correction was applied to 8*°C
measurements younger than 1800 CE to account for the Suess ef-
fect (Dombrosky, 2020).

2.6 | Statistical analyses of biogeochemical proxies

Dominant modes of variation in elemental concentrations and iso-
topic composition of sediments (C, N, S, P, Ca, K, Al, Ti, Si, Mg, C:N,
5%3C and §'°N) were summarized via a principle component analy-
sis (PCA) using the ade4 package in R (Dray & Dufour, 2007). Bio-
geochemical data were log-transformed prior to PCA as needed to
reduce skewness, based on a visual inspection of histograms. Row
weights were used to ensure that the influence of each sample was
equally distributed across sample ages.

To quantify the impacts of individual fire events on sediment
geochemistry, we used a compositing technique derived from super-
posed epoch analysis (Dunnette et al., 2014; Genries et al., 2009).
Biogeochemical proxies were interpolated to 10-year timesteps, de-
trended and averaged over a pre-fire baseline of 20-40vyears before
each charcoal peak and again over 0-20, 30-50 and 60-80years
after each charcoal peak. To produce a composite record summariz-
ing changes in biogeochemical proxies before and after fire events,
values in each time lag were averaged across all inferred fire events
in the record. A Monte Carlo randomization method was used to
generate confidence intervals for the mean response (Appendix S1),
and significance is reported using a ‘language of evidence’ (Muff
etal., 2021).

Upon initial inspection of the composite records, at least two
distinct patterns emerged. To quantify and evaluate the robustness
of these patterns, a posteriori, we used hierarchical cluster analysis
to identify sets of fire events with similar postfire biogeochemical
patterns. For each fire event, values of each element or isotope were
extracted and averaged over 0-30years and over 40-70years fol-
lowing a fire; this differed from the compositing described above,
to avoid excess complexity while capturing the initial magnitude
and the duration of responses. Postfire averages for each variable
were scaled (by z-scores) and used to calculate squared-chord dis-
tances among all fire events. A hierarchical cluster analysis using
Ward's minimum variance method was performed, a commonly

used agglomerative clustering method based on a sum-of-squares
criterion (Murtagh & Legendre, 2014), identifying two distinct sets
of postfire responses. We termed the two distinct patterns of post-
fire biogeochemical responses ‘erosion-associated’ (Type 1, n=10)
and ‘nonerosional’ (Type 2, n=10) based on differences in postfire
concentrations of lithogenic minerals such as Ti (Figure 6; cf. Leys
et al., 2016). For consistency, we use these terms throughout; see
Discussion for details on the interpretation of biogeochemical re-
sponses to fire events.

Finally, given the expectation that some charcoal peaks recorded
in sediment records result from low-severity or extra-local fires, and
thus would not influence catchment biogeochemistry (Dunnette
et al., 2014), we conducted an additional step to identify fires with
no detectable biogeochemical response (Appendix S1). Fire events
that lacked a significant biogeochemical response were removed
from each cluster and placed into an additional category, ‘nonre-
sponsive’. To characterize the average biogeochemical impacts of
these different populations of fire events, we conducted separate
composite analyses, as described above, using each of the three dis-

tinct sets of fire events.

3 | RESULTS
3.1 | Chronology

The Silver Lake record extends to c. 4800yr BP. Each %-cm sam-
ple represents a median of 5years (range: 1-18), corresponding
to a median sediment accumulation rate of 0.13cmyear* (Fig-
ure 2). Although the core retrieved extends to deeper and older
sediment, we restricted our analyses to sediments younger than
4800yr BP, due to a distinct increase in sediment accumulation
rate over approximately 500-600cm depth, relative to the rest of

the core (Figure S1).

3.2 | Vegetation history

Pollen assemblages were dominated by coniferous tree taxa (Fig-
ure 3), with a median abundance of major conifer taxa of 70% (inter-
quartile range, IQR: 64%-77%) over the past 4800years, with 35%
(33%-40%) from Pinus pollen types (Figure 3). Diploxylon Pinus pollen
types are interpreted as originating from P. contorta (or possibly long-
distance transport of P. ponderosa), while haploxylon pollen types are
interpreted as originating from P. albicaulis or P. monticola. Abies pol-
len types (interpreting as originating from A. lasiocarpa or A. grandis)
and Picea pollen types (P. engelmannii) had median abundances of
11% (IQR: 10%-15%) and 12% (8%-16%), respectively. Pseudotsuga-
Larix-type, Tsuga, and Cupressaceae pollen types each had median
abundances of <5%. Among nonconifer taxa, Alnus rubra pollen types
were the most abundant, with a median of 14% (9%-16%). Dominant
pollen types from understory taxa included Alnus viridis ssp. sinuata,
Poaceae and Artemisia, each averaging 3% abundance.
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Millennial-scale changes in pollen abundance were summarized
using cluster analysis, which revealed one significant shift in the
pollen assemblage at c. 1900yr BP (Figure 3). At Silver Lake, the
AP:NAP index was relatively constant over millennial timescales,
averaging 0.75 (IQR: 0.66-0.81), but the relative abundances of ar-
boreal pollen taxa shifted (Figure 3). Pinus pollen types increased in
abundance from a median of 34% between 4800 and 1900yr BP
to 41% after 1900yr BP (p<0.001), in part driven by an increase in
haploxylon-type pollen from 1% to 4%. Concurrently, median abun-
dance of T. mertensiana and Abies pollen types increased from 1% to
3% (p<0.001) and from 11% to 14% (p=0.03), respectively, while
percentages of Alnus rubra and Alnus viridis ssp. sinuata pollen types
decreased from 19% to 8% median abundance (p <0.001) and from
5% to 2% (p=0.002), respectively.

3.3 | Fire history

Charcoal particles were abundant throughout the 4800-year record,
with a median concentration of 25 charcoal pieces cm™2 and median
accumulation rate of 2.4 pieces cm’2year’1. The record-wide median
signal-to-noise index was 4.3 (range: 3-10, Figure S3), indicating the
suitability of the record for charcoal peak analysis (cf. Kelly et al., 2011).
Charcoal peak analysis identified 31 peaks over the past 4800years
(Figure 3), interpreted as local fire events. Zone 2 included a period
lacking charcoal peaks from c. 3000 to 2500yr BP, which may repre-
sent a true fire-free interval, or may include undetected fires that were
too small or low severity to register as charcoal peaks in the sediment
record (Appendix S2). mFRIs for Zones 1 (1900yr BP-present) and 2
(4760-1900yr BP) were 223years (95% Cl: 175-280) and 126years
(83-184), respectively. A likelihood ratio test provided moderate evi-
dence that the FRI distribution in Zone 1 differed from Zone 2 (p=0.02,
Table S2). This represents a significant decrease in fire frequency after
1900yr BP, reflecting a 77% lengthening of the mFRI.

I I
500 400
Depth below mud-water interface (cm)

I I I I
300 200 100 0
Resolution (yr sample=")

0 10 20 30 40

3.4 | Biogeochemical proxies and
millennial-scale variation

Sediments were moderately organic, with median Cand N concen-
trations of 16% (interquartile range, IQR: 13.6%-17.2%) and 1.1%
(1.0%-1.2%), respectively (Figure 4). The median molar C:N ratio
of 14.4 (IQR: 13.5-15.3) was lower than the C:N of terrestrial soil
and foliar samples from the surrounding watershed (median 18.8
and 43.9, respectively; Figure S4). Stable isotope values of C and
N and their concentrations varied independently. Sedimentary
51N values averaged 0.65%o (IQR: 0.46-0.85%o), intermediate
between the average 8*°N of mineral soil and foliage (Figure S4),
and varied only slightly throughout the record. Sedimentary §3C
values averaged -27.6%o (IQR: -29.8 to -26.7%0) and varied as
much as 3-5%0 over multidecadal timescales throughout the re-
cord (Figure 4).

Sedimentary element concentrations and isotopes exhibited
notable low-frequency variability, summarized by PCA. Principal
components 1 and 2 (PC1 and PC2) together explained 67.6% of
the variability in biogeochemical proxies (Figure 5). Millennial-
scale trends were characterized by applying a 1000-year loess
smoother to PC1 and PC2 (Figure 5). PC1 accounted for 42.2%
of the variability and was positively associated with §*3C, §'°N,
C:N and concentrations of rock-derived elements and base cat-
ions (K, Si, Ti and Ca). PC1 was negatively associated with con-
centrations of redox-sensitive elements and those associated with
organic matter, including C, N, P, S, Fe and Mn. PC1 reached a
maximum at c. 2500yr BP and generally declined towards pres-
ent, broadly reflecting a long-term decline in §'°C values and con-
centrations of several rock-derived elements (e.g. Ti and Ca) and
a distinct increase in concentrations of P, S, Mn and Fe after c.
2500yr BP. PC2 accounted for 25.4% of the variability and was
positively correlated with Mg, reflecting an antiphase between Mg
concentrations compared with Al and other elements. PC2 varied
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FIGURE 3 Pollen and charcoal records, showing per cent abundance of major pollen taxa, pollen accumulation rate (PAR, grains
cm2year ™), the ratio of arboreal to nonarboreal pollen (AP:NAP) and the charcoal accumulation rate (CHAR, pieces cm 2year ). The
results of hierarchical cluster analysis are displayed, with two significant pollen zones identified and delineated using a dashed line (break at
1909 yr BP). The shaded area on the bottommost three pollen panels shows a 5x magnification of pollen percentages, to highlight changes
over time in taxa with low abundance. Colours denote major pollen types (blue=coniferous trees; green=broadleaf trees and shrubs;
brown =herbaceous understory plants). The grey and red curves on the CHAR panel display 500-year smoothed estimates of background
CHAR and the threshold used in peak analysis, respectively; red dots correspond to charcoal peaks exceeding the threshold. The transition
between pollen zones also corresponded to a significant shift in charcoal peak frequency. Pollen types are as follows: Pinus (pine, separated
into subgenus Strobus, subgenus Pinus and undifferentiated pollen types), Abies (fir), Picea (spruce), Cupressaceae (cypress family),
Pseudotsuga-Larix (genera of larch and Douglas-fir), Tsuga mertensiana (mountain hemlock), Alnus rubra-type (red alder), Alnus viridis ssp.
sinuata-type (green alder), Poaceae (grass family), Amaranthaceae (amaranth and goosefoot family), Artemisia (sagebrush), Ranunculaceae
(buttercup family), Asteroideae (aster subfamily) and Ambrosia (ragweed).

throughout the record, increasing modestly between c. 4800 and 3.5 | Decadal-scale ecosystem responses to fire
3600yr BP and decreasing slightly between c. 2200 and 700 yr BP.

Variation in biogeochemical proxies also manifested on centennial
timescales, notably a distinct decline in C and N during a long fire-
free interval from c. 3000 to 2400yr BP.

Ecosystem responses to individual fires did not differ before and after
the fire-regime shift c. 1900yr BP. Two categories of distinct post-
fire biogeochemical responses were identified in the record, each
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FIGURE 4 Time series of sedimentary isotope values (613C and 615N, %o), C:N values and element concentrations (%), showing high-
frequency variation and low-frequency (1000-year) trends using a loess smoother robust to outliers. Vertical lines denote the timing of
inferred fire episodes, with red for Type 1 (erosion-associated) fires, blue for Type 2 (nonerosional) fires and grey for nonresponsive fires.

of which was composed of similar numbers of fire events: ‘erosion-
associated’ (Type 1, n=10), and ‘nonerosional’ (Type 2, n=10), with
a third category lacking detectable biogeochemical impacts, ‘non-
responsive’ (n=9). Each of these three postfire response types oc-
curred consistently throughout the record (Figure S5).

The average response following erosion-associated (Type 1) fires
was characterized by an initial increase in the concentrations of
lithogenic elements (Figure 6). The composite analysis for erosion-
associated fires showed strong evidence of an increase in mean
values of Ti, '°N, Al, K and Si and a decline in C relative to the long-
term average over 0-20vyears after fire (p<0.01). These patterns
are summarized by an increase in PC1 and a decrease in PC2 values
relative to pre-fire samples, reflecting overall changes in sediment
composition following fire. There was moderate evidence of initial

increases in sediment bulk density, Ca, and §'3C, and a decline in
N over 0-20years following fire events (p <0.05), although the re-
sponses in C, N, 8*3C, Al, K, Si and Ca were not significant when me-
dians were considered (Figure 6). Geochemical responses following
these erosion-associated fire events persisted for 30-50years for
all proxies except 5'°N and C, which returned to pre-fire values on
average within c. 20years after fire. All geochemical responses were
recovered to baseline or reversed in sign by 60-80years after fire.
The average response following nonerosional (Type 2) fires was
characterized by opposing responses in many proxies compared
with erosion-associated (Type 1) fires (Figure 6). There was strong
evidence of an initial increase in sediment N concentration and a
decrease in Ti, 5'3C, 8'°N, C:N, sediment bulk density, Al, K and Ca
0-20years after nonerosional fires (p<0.01), summarized by an

ssdyy) suontpuo)) pue swua L 3y 238 “[€20¢/01/91] U0 A1eiqry duruQ Ad[IpN ‘S[eLdS-A1eiqrT PRYSURI PURUO JO ANSIDAIUN AQ [0THT'SPLT-S9ET/TTT1°01/10p/wiod" Kot Aresqriautjuo'sfewnofsaq/:sdny woiy papeofumod ‘0 “shLTSIgT

103w a1 Aexquoury

p

ASUIIT SUOWWO)) dA1NRAI) d[qeorjdde ayy Aq paurdA0S aIe sa[o1LIE V() (AN JO Sa[NI 10} AIRIqIT dul[uQ) AJ[TAN UO (suony



10 Journal of Ecology

CLARK-WOLF ET AL.

5.0 “
61 Ponfire 1 E o 25 Jjw ﬂ"".' "
neveel - g 3 0o I Fl M H
g O 25 m! Ml'
31 B o™ o 0
o ” Lake level
:\o\ X : e -5.01 0
<, N (‘ g AT . :
To] - 0 f 1
N S .N___-____“_:___\_“"___d‘.l?).C!_ _
[aN] on _ 1 AR 61
8 S oC :d15£\]. 2
J Fe - SCINSI | o 3 (il |
- Y . A ° o N “ I' L]
Mn - ALK o dll T ‘ W i “n H”“L I
o Ti g H}‘ ’M | l ” il
& Al®: 3] il i
75 50 25 00 25 5.0
PC1 (42.2%) 4000 3000 2000 1000 0
Cal yr BP

FIGURE 5 Principal components analysis summarizing variation in biogeochemical proxies. Left: biplot showing the location of each
element and the axis scores of individual lake-sediment samples, which are displayed based on coincidence with charcoal-inferred fire
events. Samples during or within 20years following a biogeochemically impactful fire are shown in colour and nonfire samples are shown
in grey. Right: time series displaying short-term variation (black line) and long-term trends (1000-year loess, thick grey line) in the first two

principal components (PC1 and PC2), with vertical lines indicating the

timing of inferred fire events. Red=Type 1 (erosion-associated) fires;

blue=Type 2 (nonerosional) fires; grey=nonresponsive fires. The shaded bar shows variation in effective moisture at the site, represented

using reconstructed lake-level anomalies in metres below modern, as i
effective moisture).

initial decrease in PC1 values and an increase in PC2 values relative
to pre-fire. Additionally, there was weak to moderate evidence that
nonerosional fires were followed by increases in average sediment
C and S concentrations and decreases in Si (p <0.10), although these
responses and those in Al, K and Ca were not significant when medi-
ans were considered (Figure 6). All geochemical proxies returned to
baseline values within c. 30-50-years postfire on average (Figure 6).

Pollen assemblages varied significantly based on time-since-
fire (Figure 7). Fire effects on vegetation were most evident within
40years after fire, and pollen assemblages typically returned to
pre-fire values within c. 80years after fire (Figure 7b). There was
moderate evidence that conifer pollen abundance decreased and
broadleaf pollen abundance increased initially after fire (p<0.05),

while AP:NAP and herbaceous pollen percentages did not change

n Figure 2, where darker colours indicate higher lake levels (i.e. greater

after fire (Figure 7a). Postfire changes in pollen abundances were,
in large part, driven by initial decreases in percentages of Pinus and
Abies pollen types and increases in percentages of Alnus pollen types
and were broadly similar throughout the record. Changes in pollen
assemblages were generally of higher magnitude following erosion-
associated (Type 1) fires compared with nonerosional (Type 2) fires,
but very small sample sizes limit our ability to interpret those differ-

ences (Figure S6).

4 | DISCUSSION

Consistent with our hypotheses, forests surrounding Silver Lake

were sensitive to millennial-scale climatic changes, revealing a

FIGURE 6 Postfire responses of select geochemical proxies for Type 1 (erosion-associated, n=10), Type 2 (nonerosional, n=10) and
nonresponsive (n=9) fires, which were identified using hierarchical cluster analysis and screening for a postfire Ti response. Geochemical
proxies are plotted as anomalies around the locally weighted mean. To show the range of postfire responses following individual fires,
boxplots display values averaged over a baseline of 20-40years before each fire and for 30-year time lags spanning 0-80years following
fire. P-values above plots give the result of Kruskal-Wallis tests, to evaluate the null hypothesis that the samples did not differ among
lags before and after fire. To show the average response across fires, mean values for each time lag are displayed using points, with
colours of postfire mean values denoting significant differences from the pre-fire mean (90%, 95% and 99% confidence based on 10,000

permutations).
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FIGURE 7 Boxplots comparing pollen abundance of major taxa among pollen samples with differing time-since-fire values, represented
as anomalies from the locally weighted mean. (a) Grouped by time-since-fire, where fire-coincident (‘fire’) pollen samples are those from
sediment samples within 0-40years of a CHAR peak, and all other pollen samples are classed as ‘nonfire’; (b) same as (a), with additional
classifications for time-since-fire windows. p-values report the results of nonparametric Wilcoxon rank-sum tests (a) or Kruskal-Wallis tests
(b). Major pollen taxa are summarized by dominant groups, as in Figure 4: Conifer (Abies, Pinus, Picea, Tsuga mertensiana, Pseudotsuga-Larix,
Cupressaceae); Broadleaf (Alnus rubra, Alnus viridis ssp. sinuata); and Herbaceous (Poaceae, Artemisia, Asteroideae, Ambrosia, Ranunculaceae,

Amaranthaceae).

long-term shift towards subalpine forest composition and de-
creased fire frequency, both likely attributable to greater effec-
tive moisture during the late Holocene. Ecosystem responses to
individual fires were superimposed on these long-term trends.
Contrary to our hypotheses, there was no evidence of shifting
fire-ecosystem dynamics from millennial-scale climatic changes.
Throughout repeated fire events over millennia, the forests sur-
rounding Silver Lake demonstrated consistent biogeochemical
resilience to wildfires, across variations in climate, fire fre-
qguency and fire effects. On decadal timescales, fire events had
distinct and diverse biogeochemical effects throughout the
sedimentary record. This characterization of past variation in
fire severity provides a relatively rare example of heterogene-
ity in fire effects in the palaeorecord. Our study thus reveals
decadal-to-millennial-scale fire-ecosystem relationships in tem-
perate forests and provides a novel view into variability in past
fire severity, which is recognized as a key challenge for under-
standing fire as a fundamental ecological process (McLauchlan
et al., 2020).

4.1 | Millennial-scale context: Vegetation and fire
regimes were sensitive to regional climatic changes

Millennial-scale trends in fire activity, vegetation and catchment
biogeochemistry at Silver Lake underscore climate as an over-
arching control of ecosystem processes. These proxies also pro-
vide a long-term context in which we can examine decadal-scale
ecosystem responses to individual fire events. Forest vegeta-
tion and fire frequency changed in response to a millennial-scale
trend towards greater effective moisture, revealed by increas-
ing lake level beginning c. 2800yr BP and reaching near-modern
levels c. 1800yr BP (Figure 8). This shift in climate corresponded
with an increase in pollen abundance of subalpine species and
a 77% lengthening of the mFRI in the past two millennia (Fig-
ure 3). The estimated mFRI of 223 years (95% Cl: 175-280years;
Table S2) for the past 1900vyears aligns well with regional tree-
ring and contemporary records from subalpine forests in the
northern Rocky Mountains (mFRI estimates of 140-240years;
Gibson et al., 2014; Kipfmeuller, 2003). Decreased fire activity
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FIGURE 8 Fire, geochemical, vegetation and palaeoclimate
history over the past 4800years at Silver Lake. Millennial-scale
trends in fire frequency are represented using a smoothed estimate
of the mFRI. Points below the time series display the timing of
charcoal peaks (red=Type 1, erosion-associated fires; blue=Type
2, nonerosional fires; grey =nonresponsive). Long-term variation
in sediment geochemistry is summarized by PC1 values, and the
vegetation history is represented by the ratio of major conifer-to-
broadleaf pollen types, smoothed to show 1000-year trends with
95% confidence bands. Positive values of PC1 are associated with
higher concentrations of minerogenic elements (see Figure 5).
Palaeoclimate was inferred from a previously published lake-
level reconstruction from Silver Lake (Parish et al., 2022). The
vertical dotted line delineates the pollen zone break, which also
corresponds to a significant change in fire frequency.

in the past two millennia is attributable to increased snowpack
and later snowmelt from late Holocene climatic changes, which
would favour higher summer fuel moisture and/or shorter fire
seasons, consistent with contemporary fire-climate relationships
in the region (Heyerdahl et al., 2008; Morgan et al., 2008; West-
erling, 2016). Results from Silver Lake broadly align with existing
palaeoecological records from the northern Rocky Mountains,
which indicate the establishment of subalpine conifer forest c.
2000-4000yr BP as a result of climatic cooling (e.g. Herring
et al., 2017), and highlight strong links between climate and fire
activity throughout the Holocene (e.g. Brunelle et al.,, 2005;
Clark-Wolf, Higuera, Shuman, et al., 2023). Similar patterns of
decreased fire frequency in recent millennia, associated with
reduced summer insolation during the late Holocene, are also

observed in other regions of North America (Girardin et al., 2013;
Oris et al., 2014).

Millennial-scale climate change additionally exerted a strong
influence on catchment biogeochemistry, independent of changing
fire activity. The biogeochemical composition of Silver Lake sedi-
ments was broadly consistent with expected values for lacustrine
sediments, providing integrated information about watershed pro-
cesses such as terrestrial and aquatic productivity, N availability and
soil erosion (Boyle, 2001; Meyers & Teranes, 2001; Appendix S2).
The dominant millennial-scale trend in catchment biogeochemistry
is characterized by the decline in PC1 over the past 2500vyears (Fig-
ure 8), likely attributable to increased effective moisture and associ-
ated shifts in within-lake biogeochemical processes. Changes in the
quantity or type of precipitation, as reflected in a higher lake level
within the past 2000years, would seem to increase the hydrological
connections between the catchment and the lake at this site. It is
also possible that changes in dust inputs could contribute to long-
term variations in element concentrations (Aciego et al., 2017; Bal-
lantyne et al., 2011).

4.2 | Decadal-scale fire-ecosystem interactions

Multiple distinct biogeochemical effects of past wildfires are well-
resolved in the Silver Lake record, revealing diversity in fire effects
rarely discernible in palaeofire records. Sediment biogeochemistry
changed distinctly in response to fire events, representing varying
fire effects related to fire behaviour and severity (i.e. direct, or first-
order fire effects), as well as ecosystem dynamics over successional
timescales after fire (i.e. indirect, or second-order fire effects).
Given the decadal-scale resolution of the record, we cannot dis-
tinguish between direct and indirect fire effects. Nonetheless, we
frame our discussion in the context of inferred fire severity and sub-
sequent biogeochemical responses over successional timescales.
Nearly half of fire events reconstructed (n=10) had biogeochem-
ical responses consistent with an influx of material from postfire soil
erosion; these events were likely spatially extensive, high-severity
fires that burned in the watershed. We interpret initial increases in
the concentrations of Ti and other lithogenic elements as evidence of
fire-related erosion, which is also associated with elevated sediment
bulk density reflecting an influx of clastic detritus (Figure 6), similar to
the biogeochemical impacts of lake-sediment-inferred high-severity
fires in a subalpine watershed in Colorado (Dunnette et al., 2014;
Leys et al., 2016). Intense and spatially continuous burning enhances
erosion via reduced interception and increased soil water repellency,
resulting in greater overland flows and a redistribution of topsoil and
associated elements within the watershed (Berhe et al., 2018; Larsen
et al., 2009; Shakesby & Doerr, 2006; Vieira et al., 2015). Addition-
ally, postfire increases in sedimentary §'°N values are consistent with
a more ‘open’ N cycle initially following fire (Dunnette et al., 2014;
LeDuc et al., 2013; Perakis et al., 2015). High-severity wildfires can
increase the 8*°N of terrestrial N via preferential volatilization of the
lighter isotope, combustion of isotopically depleted foliar and litter N
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pools, as well as elevated nitrification and nitrate leaching after fire,
given that nitrification strongly discriminates against the heavier iso-
tope (Hoberg, 1997). In turn, changes in the size and isotopic makeup
of terrestrial N pools alter the N budget and sedimentary §'°N val-
ues of closely linked lacustrine systems (Dunnette et al., 2014; Hu
et al., 2001; Kim et al., 2016; Morris et al., 2015).

An equal number of fire events (n=10) was associated with in-
creased organic inputs and nutrient subsidies to the lake, lacking
any indications of fire-caused soil erosion (Figure 6). We interpret
these nonerosional fire events as non-stand-replacing fires or high-
severity fires that burned a lesser proportion of the catchment.
Importantly, these events were still impactful enough to influence
biogeochemical processes. For example, soil inorganic nitrogen
pools often increase dramatically over months to years postfire
(Smithwick et al., 2005; Wan et al., 2001), and nutrients delivered to
lakes via riverine and subsurface flows following fires (e.g. Gustine
et al., 2022; Rhoades et al., 2011; Spencer et al., 2003) may stimu-
late within-lake algal production, as implied by low sediment C:N and
bulk density postfire (McCullough et al., 2019; Morris & Lewis, 1988;
Figure 6). Indeed, elevated lake-sediment N 0-20vyears after palae-
ofires at Gold Creek Lake, Colorado, was interpreted as evidence of
increased aquatic productivity (Pompeani et al., 2020), a pattern also
evident in Silver Lake (Figure 6). Postfire changes in N cycling over
decadal timescales could also be related to fire-produced charcoal,
which can increase soil nitrification potential (DeLuca & Sala, 2006).
Low &%°N values indicate strong recovery of N conservation follow-
ing these non-stand-replacing fires, through either microbial im-
mobilization or plant uptake (e.g. Turner et al., 2007). Additionally,
growth of symbiotic and nonsymbiotic N fixers following fire (e.g.
Alnus, Figure 7) could lower the 8*°N of terrestrial N pools, high-
lighting biotic controls on catchment biogeochemistry (Cleveland
et al., 2022; Perakis et al., 2015; Yelenik et al., 2013). Importantly,
these results reveal that differences in fire severity can lead to diver-
gent responses in N-cycle dynamics over decadal timescales, such
that the biogeochemical implications of a fire-regime shift would de-
pend on changes in both fire frequency and severity.

Finally, nearly an equal proportion of fire events (n=9) was as-
sociated with a lack of significant biogeochemical responses. We
interpret these as reflecting lower-severity, spatially variable fires
within the watershed, or fires burning nearby but outside of the
watershed (e.g. 1-2km). Evidence of changes in pollen assemblages
following these fire events indicates that they indeed represent
burning within the pollen and charcoal source areas of Silver Lake
(Figure S6). The only distinct change in biogeochemical proxies after
these fires was an initial decrease in '°C (Figure 6), which may sim-
ply reflect the influx of charcoal itself, given that partial combustion
can deplete wood §°C by up to 1.6%. (Ascough et al., 2008).

4.3 | Ecosystem resilience to wildfires

Our results highlight consistent ecosystem resilience to wildfires
throughout the past 4800years, despite variations in climate,

vegetation and fire activity (Figure 8). Regardless of the type of
postfire response, biogeochemical proxies and pollen assemblages
recovered to pre-fire values within c. 50-80vyears (Figures 6 and 7),
consistent with expectations that re-establishment of vegetation
would stabilize soils, and forest aggradation would conserve nitro-
gen through increased plant uptake demand (Cerda et al., 2005;
Kim et al., 2016, 2021; Turner et al., 2007). Average recovery times
were less than the average FRI, revealing consistent ecosystem
resilience to fire. Evidence of ecosystem resilience to palaeofires
at Silver Lake also aligns with several records from subalpine and
boreal forest sites (Carcaillet et al., 2020; Chipman & Hu, 2019;
Dunnette et al., 2014; Pompeani et al., 2020) and highlights tight
linkages between vegetation and biogeochemical processes over
successional timescales (Smithwick, 2011). Additionally, a diver-
sity of fire effects was evident throughout the record, provid-
ing support for ecosystem resilience to a variety of disturbance
processes. Thus, although the ecosystem experienced millennial-
scale changes in climate and vegetation over the late Holocene,
it retained the ability to return to predisturbance vegetation and
biogeochemical states within decades following individual fires.
As such, we did not observe a ‘stair step’ response of directional
trends in nutrient availability over multiple disturbance intervals
(McLauchlan et al., 2014); rather, low millennial-scale variation in
sediment §%°N indicates that overall ecosystem nitrogen availabil-
ity remained fairly stable despite postfire fluctuations (e.g. Kim
et al., 2016; Robinson, 2001).

The varying direction and magnitude of decadal-scale biogeo-
chemical changes following fire events provide an example of vari-
ability in the characteristics and effects of individual fires, reflecting
differences in fire behaviour (e.g. intensity and duration) and sever-
ity. Large and severe wildfires caused a loss of N and base cations
from the terrestrial environment (e.g. Bormann et al., 2008), whereas
shifts in nutrient cycling were evident following lower-severity or
patchier fires lacking significant soil erosion. Similar changes could
also occur following severe fires, but may be diluted or obscured by
eroded material, such that the dominant processes preserved in lake
sediments differ among fires. Our results thus underscore the impor-
tance of fire behaviour and the resulting severity as key controls of
fire effects on the amounts and fluxes of C and other elements (Ad-
kins et al., 2019; Li et al., 2021; Raison, 1979; Smithwick et al., 2005).
Importantly, this diversity in fire effects occurred throughout the
past 4800vyears at Silver Lake, within multi-millennial periods char-
acterized by the same general climate and vegetation conditions, as
well as inferred fire regime (Figure 8). This pattern is contrary to our
original hypothesis, indicating that a shift towards cooler climate and
lower fire frequency in the past two millennia did not lead to a direc-
tional shift in fire-ecosystem relationships through changes in fire
severity or recovery time. Thus, decadal-scale ecosystem responses
to fire can exhibit complacency despite fire-regime shifts, and the
ecosystem impacts of individual fires are heterogeneous even within
a single site. Our work highlights that this heterogeneity has been
the case for millennia, thus characterizing historical variability in
multiple components of past fire regimes.
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The diversity of fire severity and fire effects revealed over the
past 4800vyears is analogous to spatial variability in fire severity ob-
served within contemporary wildfires. Approximately one third of
fire events identified in the Silver Lake record fell into the categories
of erosion-associated, nonerosional or nonresponsive, likely reflect-
ing differences in fuels, fire weather and fire behaviour (e.g. Evers
et al., 2022). Within contemporary forest fires in the northern Rocky
Mountains (all elevations), 34% of forest fire area over 1984-2010
burned at high severity, with the remainder burning at moderate or
low severity (Harvey et al., 2016). Thus, even in forest types charac-
terized by infrequent high-severity fire regimes—where many fires kill
nearly 100% of trees—patches of non-stand-replacing fire contribute
to spatial and temporal complexity in forest structure and species
composition. Such complexity is hypothesized to support biodiver-
sity (Jones & Tingley, 2022; Martin & Sapsis, 1992), and although
we cannot test that hypothesis with the data presented here, future
research bringing together palaeoenvironmental records from multi-
ple sites would provide greater statistical power for evaluating how

variation in fire timing and severity influences ecosystem dynamics.

4.4 | Implications for future ecosystem change

The overarching influence of climate on disturbance and ecosystem
processes across the Silver Lake record implies that ongoing and fu-
ture climate change will likewise impact disturbance and ecosystem
processes. Fire activity in the study region is projected to nearly
double by the late 21st century under high emissions scenarios as
a result of increased atmospheric aridity, relative to a 1979-2000
baseline (Gao et al., 2021). The higher-than-present fire frequency
observed at Silver Lake between 4800 and 1900yr BP provides an
imperfect analogue for ecological dynamics with more frequent
fire. Our results suggest that ecosystem resilience could be main-
tained, if fire-free periods at the forest stand level remain on average
greater than our estimated biogeochemical recovery time of c. 50-
80vyears. However, warmer and drier conditions or more severe fires
relative to the past four millennia could increase the time needed
to recover, or alter postfire ecological trajectories, undermining the
long-standing ecosystem resilience revealed in the palaeorecord
(Johnstone et al., 2016; McLauchlan et al., 2014; Turner et al., 2019).

Feedbacks between shifting fire activity and ecosystem changes
may also emerge. Our results indicate that non-stand-replacing fires
have been an important component of the fire regime for millen-
nia around Silver Lake, including during a period of drier conditions
characterized by more frequent burning and likely lower forest den-
sity c. 4800-1900yr BP (Figure 8). With ongoing climate change,
increasing area burned and shifts in forest composition or structure
could lead to feedbacks whereby fuel types or availability mitigate
fire severity and C emissions (Mack et al., 2021; Parks et al., 2016;
Walker et al., 2020). As such, a range of fire severities and biogeo-
chemical impacts could be supported even under warmer and drier
climate conditions. Such feedbacks are unlikely to manifest in the
next several decades (Abatzoglou et al., 2021), but could ultimately

promote forest resilience over centennial timescales. Still, it remains
unclear when, where and how ecosystem transformations will un-
fold under rapid climate change (Anderson-Teixeira et al., 2013; Seid|
& Turner, 2022). Clarifying feedbacks among fire regimes, vegeta-
tion and forest biogeochemistry is clearly needed to help anticipate
the impacts of ongoing warming and inform management agendas
(Crausbay et al., 2022).
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