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ABSTRACT

Wildfires have the potential to dramatically alter forest carbon (C) storage and
nitrogen (N) availability, but the long-term biogeochemical legacy of these events is poorly
understood. | used a high-resolution lake-sediment record of fire occurrence and
biogeochemical change from a subalpine watershed in Colorado, USA, to examine the
nature, magnitude, and duration of fire-induced ecosystem impacts over the last ~4250 yr.
Superposed Epoch Analysis (SEA) revealed pronounced biogeochemical responses to
multiple high-severity fires, inferred from statistically significant peaks in charcoal
accumulation and magnetic susceptibility (an indicator of erosion). On average, fires were
followed closely by significant increases in bulk sediment N isotopic composition (*°N) and
bulk density, and declines in %C and %N — likely reflecting destruction of the forest floor,
terrestrial C and N losses, and erosion. Anomalously low sediment C:N ~20-50 yr after fires
suggests a long-lived reduction in terrestrial organic matter subsidies to the lake. The
magnitude of post-fire change was well-correlated with charcoal peak magnitude, indicating
that the extent of disturbance impacts scaled directly with inferred fire size and/or severity.
Trends ~30-75 yr following fire, including a significant decline in 8"°N, were consistent with
patterns observed in chronosequences of forest C and N accumulation, suggesting that
terrestrial successional processes were reflected in the sediments. The results of this study,
the first to systematically test the utility of lake-sediment §'°N as an indicator of fire-induced
N cycle change, indicate that high-resolution analysis of sediment records may offer a unique
and powerful tool for elucidating the effects of fire on ecosystem biogeochemistry over

decades to millennia.
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INTRODUCTION

Predicted increases in global fire activity under warmer and drier conditions (e.g.,
Pechony and Shindell 2010, Moritz et al. 2012) have raised concerns about interactions
among climate, fire, and key ecosystem processes (e.g., Lavorel et al. 2006, Bonan 2008).
Fires release CO; to the atmosphere, affect carbon (C) storage, and reduce nitrogen (N)
stocks (e.g., Amiro et al. 2001, Kashian et al. 2006, Nave et al. 2011) — which limit net
primary productivity and C accumulation in forests worldwide (Lebauer and Treseder 2008).
Thus, understanding the implications of modern fires and anticipating changes in ecosystem
C storage and N cycling under climate change require knowledge about the long-term
relationship between climate and the rate and biogeochemical consequences of fire.

Quantifying the biogeochemical impacts of disturbance, particularly over multiple
disturbance intervals, has been challenging for ecologists. Current knowledge of the long-
term C and N biogeochemistry of fire-prone forests comes largely from chronosequences
(e.g., Zackrisson et al. 2004, Smithwick et al. 2009), which hinge on the assumption that
conditions differed little among study sites or over time (Johnson and Miyanishi 2008).
However, the biogeochemical effects of disturbance are diverse, owing to ecosystem
heterogeneity over space and time (White and Jentsch 2001). The nature of the disturbance
and the response may vary over decades to millennia with climate-induced changes in
vegetation, ecosystem processes, and disturbance regimes (e.g., Lenihan et al. 2003, Marlon
et al. 2009, Kreyling et al. 2011). For example, fires could build or diminish forest N stocks
and availability as temperatures increase, depending on changes in fire severity or frequency
and the rates of N mineralization and symbiotic N fixation (Rustad et al. 2001, Thornley and

Cannell 2004, Giesen et al. 2008, Yelenik et al. 2013). Paleoecological analysis of lake-



sediment records can complement chronosequences and long-term ecological research by
quantifying past disturbance patterns and environmental changes over decades to thousands
of years, helping to contextualize modern disturbance (e.g., Whitlock et al. 2011) and
informing predictions of ecosystem response under climate change. Moreover, high-
resolution analysis of lake-sediment records may be the only way to capture post-fire
biogeochemical changes over successional and longer time scales (i.e., several decades to
centuries) at a single site.

In high-elevation forested catchments, where allochthonous inputs strongly regulate
surface water C and N biogeochemistry (e.g., Richey and Wissmar 1979, Baron et al. 1991,
Hood et al. 2005, Bunting et al. 2010) forest disturbance and succession may have profound
effects on lakes — and thus lake sediment composition — that reflect changes in terrestrial
biogeochemical cycling and the magnitude and duration of the perturbation and recovery
(Likens and Bormann 1974, McEachern et al. 2000, McLauchlan et al. 2007, Schindler
2009). Recent research suggests that disturbance-induced shifts in terrestrial N cycling may
be recorded in the natural abundance N stable isotope composition (standardized ratio of **N
/ ¥N; denoted 5™°N) of bulk lake-sediment organic matter (Hu et al. 2001, O’Reilly et al.
2005, McLauchlan et al. 2007). When terrestrial N availability is high, soil and vegetation
8N tend to rise as N is lost from the system via hydrologic and gaseous pathways because
the processes responsible for N export discriminate against >N (e.g., nitrification,
denitrification; Hogberg 1997, Robinson 2001, Dijkstra et al. 2008, Craine et al. 2009).
Conversely, strong biotic N retention under low N availability tends to depress soil and
vegetation 5"°N by minimizing these losses (Martinelli et al. 1999, Craine et al. 2009). Forest

disturbances disrupt this biotic control over N by reducing biomass — leading to increased N



availability, N losses, and organic matter 8*°N (e.g., Pardo et al. 2002, Boeckx et al. 2005,
Smaill et al. 2009). Fires temporarily raise terrestrial N availability, but most N losses to
these events occur via volatilization (Johnson et al. 1998, Nave et al. 2011) — a process that
appears to preferentially release N to the atmosphere (Turekian et al. 1998, Saito et al.
2007). Recent work suggests that fires tend to increase soil and vegetation 8*°N by causing
losses of *>N-depleted gaseous N, organic matter, and nitrate (e.g., Grogan et al. 2000,
Boeckx et al. 2005, Stephan 2007, Thiffault et al. 2008, LeDuc et al. 2013) and that higher-
severity events may cause greater isotopic enrichment (e.g., Stephan 2007, LeDuc et al.
2013). Modern studies of fire’s impacts on N cycling are complicated by the spatial and
temporal heterogeneity of processes affecting N pools throughout forested landscapes (e.qg.,
Turner et al. 2011, LeDuc et al. 2013). Because lake-sediment §°N integrates N cycle
processes over space and time (Robinson 2001, Dijkstra et al. 2008, McLauchlan 2008), this
paleoecological proxy has the potential to overcome these challenges at the watershed scale.
To help advance understanding of the biogeochemical impacts of disturbance over
decadal to millennial time scales, | tested the utility of lake-sediment *°N as an indicator of
fire-induced ecosystem change. | analyzed sediments from a lake within a Rocky Mountain
subalpine lodgepole pine forest — an ecosystem characterized by low N availability and
cycling rates (Fahey and Knight 1986). Lake-sediment 8*°N is a product of both terrestrial
and aquatic processes, so my interpretations are constrained by supporting proxies of
biogeochemical and physical change (e.g., %C, %N, C:N) — themselves invaluable indicators
of resource flux and availability. I used a high-resolution (~4 yr/sample) lake-sediment
record of macroscopic charcoal accumulation rate (CHAR; # pieces cm™ yr*) and magnetic

susceptibility (MS, a proxy for soil erosion; e.g., Millspaugh and Whitlock 1995) spanning



the past ~4250 years to define two types of fire events. Statistically significant CHAR peaks
were defined as “local” fires occurring within ~1 km of the lake (Gavin et al. 2003, Higuera
et al. 2007), and CHAR peaks coincident with significant MS peaks were identified as local
fires that were likely high-severity events within the catchment. | then quantified the average
biogeochemical response to these within-watershed fires and a subset of the other fires using
Superposed Epoch Analysis (SEA; aka data compositing). | hypothesized that (a) lake-
sediment 8>N would increase and C and N content would decrease in the years following
within-watershed events, reflecting organic matter and N losses to fire; (b) the degree of
post-fire change would scale with the magnitude of disturbance, inferred from charcoal peak
magnitude (Whitlock et al. 2006); and (c) declining terrestrial N availability due to strong
nutrient demand from an aggrading forest would lower sediment §°N several decades after

fires.

METHODS

Study Site and Regional Setting

Chickaree Lake (40.334249'N, 105.847270°'W, 2796 m a.s.l.) is a small, deep lake in
Rocky Mountain National Park, Colorado, USA (1.6 ha surface area, 7.9 m maximum depth;
Fig. 1). No perennial streams feed or drain the lake, but it has an ephemeral inlet and outlet.
The ~28 ha Chickaree Lake watershed (Fig. 1) has gentle to moderate topography and well-
drained sandy loam soils derived from granite, gneiss, and schist overlain by a layer of
decomposing litter (U.S. Department of Agriculture 2007).

The lake is surrounded by an even-aged stand of lodgepole pine (Pinus contorta)

dating to a 1782 Common Era (CE) stand-replacing fire (Sibold et al. 2007). The



subdominant forest species are Engelmann spruce (Picea engelmannii) and subalpine fir
(Abies lasiocarpa), with a variety of shrub taxa (e.g., Artemisia, Rosa) in the understory. The
fire regime is characterized by infrequent, high-severity crown fires (~100-300 yr mean
return intervals) associated with severe seasonal drought (Buechling 2004, Sibold et al.
2006). The modern regional climate is continental, with cold, dry winters and warm, wet
summers. In nearby Grand Lake (~8 km from the lake, 2664 m a.s.l.), the monthly mean
temperature is -8.5°C in January and 14°C in July. Average total annual precipitation is 483
mm, and average annual snowfall is 3503 mm (Western Regional Climate Center 1940-2013

observations).

Sediment Collection and Chronology

Two parallel, overlapping sediment cores (~6.5 m length, 5.0 and 7.6 cm diameter)
were collected at ~7.9 m water depth in August 2010 with a modified Livingstone piston
corer (Wright et al. 1984). The sediment-water interface was retrieved using a polycarbonate
tube fitted with a piston in September 2007, and the top ~12 cm were subsampled at 0.5 cm
intervals in the field. Cores were stored at ~4°C at the University of Idaho Paleoecology and
Fire Ecology Laboratory, where they were split lengthwise, correlated visually and using
stratigraphic patterns in magnetic susceptibility and charcoal concentration, and sectioned
continuously at 0.5 cm intervals.

The sediment chronology is based on 13 #°Pb dates for the upper 20 cm and 25 **C
dates from deeper sediments (Table B1). Measurements of °Pb were performed by Flett
Research Ltd. (Manitoba, Canada) and the 2°Pb chronology was developed using the

constant rate of supply model with old age correction adapted from Binford (1990). Bulk
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sediments, concentrated charcoal, and terrestrial macrofossils were treated with an acid-base-
acid procedure (Oswald et al. 2005) prior to submission to Lawrence Livermore National
Laboratory Center for Accelerator Mass Spectrometry (CAMS; Livermore, CA) for
radiocarbon analysis. Radiocarbon ages were calibrated to years before Common Era (CE)
1950 (hereafter “cal yr BP”) using the program CALIB 6.0 (Stuiver and Reimer 1993) and
the IntCal09 dataset (Reimer et al. 2009). The final age-depth model was developed with a
weighted cubic smoothing spline derived from 1000 bootstrapped samples from the

calibrated age distributions using the program MCAgeDepth (Higuera et al. 2009).

Sediment Biogeochemistry

Bulk sediment C and N content (% by mass) and isotopic composition (delta notation
[63C, 8'°N], %o) were measured at a median interval of 0.5 cm (n = 618). Sediment
subsamples (1 cm®) were dried at 65°C for 24 hr, then ground to a fine powder and
homogenized. Approximately 2-4 mg from each subsample was combusted in an elemental
analyzer and analyzed in a continuous flow isotope ratio mass spectrometer at the Idaho
Stable Isotopes Laboratory, University of Idaho (Ul; n = 470), or the Stable Isotope Core
Laboratory, Washington State University (WSU; n = 148). Analysis of 20 subsamples at both
facilities revealed nearly identical results across the full range of 8*c (r2 =0.99) and 8"°N (r2
=0.97) values. Analytical error was estimated primarily via within-run and between-run
standard deviations (stdev.) from replicate analysis of a lake-sediment standard. Error (one

stdev.) was < 0.23%o for >N and < 0.10%o for *3C. Measurement accuracy and variability

associated with subsampling were also evaluated (Appendix A). Additionally, organic matter



samples collected from the forest around the lake as modern reference material were
prepared and analyzed for biogeochemistry as described above (Table B2).

Bulk density (dry g/wet cm®) was measured on all sediment samples analyzed for
biogeochemistry. Organic matter and inorganic C content were estimated in subsamples
composed of sediments from two consecutive 0.5 cm samples at a median interval of 5 cm (n
= 121) via sequential loss on ignition of 1 cm® subsamples at 550°C (4 hr; LOlsso) and
1000°C (2 hr; LOlyg00), respectively. A strong positive correlation between %C and LOlss (r
=0.97, p<0.01; Fig. 4) and low estimated inorganic C content (~6% of total C) indicated
that sediment C was dominated by organic C, with little carbonate (Dean 1974, Heiri et al.
2001, Santisteban et al. 2004). Thus, I interpreted C as total organic carbon. Strong positive
correlations between %N and both %C (r = 0.91, p < 0.01; Fig. 4) and LOlsso (r =0.93, p <
0.01) indicated that N was also largely organic. | converted %C to C accumulation rates (Cacc
;g Ccem?yr?), considered a better measure of C delivery to the sediments because dilution
by clastic material strongly influences %C (Meyers and Lallier-Verges 1999). The ratio of
organic C to total N (C:N), a robust proxy for the provenance of lake organic matter, is
expressed as an atomic mass ratio. The C:N of cellulose-rich, protein-poor terrestrial organic
matter (> 20) is significantly higher than the C:N of algal biomass (~ 4-10; Meyers and
Lallier-Verges 1999).

Sediment biogenic silica content (BSi; % by mass) was measured in subsamples
composed of sediments from multiple consecutive samples (spanning ~2-3 cm) at a median
interval of 14 cm (n = 40) at the Limnological Research Center, University of Minnesota,
Minneapolis, using a time series wet chemical extraction method and molybdate blue

spectrophotometry (DeMaster 1979). Biogenic silica, a product of diatom frustule (i.e,
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skeleton) deposition, is a widely used proxy for aquatic productivity (e.g., Hu et al. 2003). To
help infer factors controlling sediment biogeochemistry, relationships among variables were
evaluated using Spearman (r) correlation coefficients. The probability of Type I error (p) for
these analyses was adjusted to account for temporal autocorrelation by reducing the original
sample size to an effective sample size, calculated according to Dawdy and Matalas (1964).
Correlations were deemed significant if p was less than or equal to (<) 0.05, using the

adjusted sample size.

Fire and Vegetation History

Theoretical (Higuera et al. 2007) and empirical (Gavin et al. 2003, Higuera et al.
2011) evidence suggest that distinct peaks in lake-sediment charcoal accumulation represent
fires occurring within ~1 km of small lakes, particularly in ecosystems with high-severity fire
regimes. Given the small Chickaree Lake watershed (~28 ha; Fig. 1), some charcoal peaks
likely reflect charcoal deposition resulting from events that occurred within 1 km of the lake
but outside the drainage basin — meaning their biogeochemical effects would not be recorded
in the lake sediments.

To identify fires that occurred within the watershed, | relied upon a supporting
paleoecological proxy of disturbance: lake-sediment magnetic susceptibility (MS), an
indicator of mineral soil erosion. High-severity fires promote erosion and delivery of
terrestrial sediments to surface waters by exposing mineral soils, diminishing soil stability,
and increasing surface runoff (Wondzell and King 2003). Because these inputs are positively
correlated with lake-sediment MS (Thompson et al. 1975), a significant increase in MS

coincident with or closely following a charcoal peak strongly suggests erosion after a high-



severity fire within the watershed (e.g., Millspaugh and Whitlock 1995, Colombaroli and
Gavin 2010).

| inferred fires and erosion events from statistically significant peaks in macroscopic
(> 125 pm) charcoal accumulation rate (CHAR; # pieces cm™ yr™) and sediment MS (S|
units), respectively. Sample-specific MS was measured on the whole core at 0.5 cm intervals
using a Bartington MS3 meter and MS2E core logging sensor (Bartington Instruments,
Oxford, UK). For charcoal analysis, contiguous sediment subsamples (1.5-3 cm®) from the
same 0.5 cm intervals were soaked in a 5% sodium metaphosphate solution for 5-7 days to
facilitate disaggregation, wet-sieved through a 125 pum mesh, and soaked in a 2% sodium
hypochlorite solution for 24 hours to remove or lighten the non-charcoal organic content.
Charcoal particles were identified based on texture, color, and morphology and counted with
the aid of a Nikon SMZ800 microscope at 40x magnification. | calculated CHAR by
multiplying sediment accumulation rates (cm/yr) by charcoal concentrations (# pieces/cm®).

Significant CHAR and MS peaks were identified by decomposing interpolated (10 yr)
time series into low frequency (“background”) and high frequency (“peak”) components
using CharAnalysis version 1.1 (Higuera et al. 2009; Appendix A, available online at
http://lwww.charanalysis.googlepages.com). In short, I used a locally defined (500 yr)
threshold and the 99.9™ percentile of the peak component of each time series to define fire
and erosion events. Background CHAR and MS were modeled with a 500 yr locally
weighted regression and subtracted from the interpolated time series to isolate their peak
components. Significant CHAR peaks (fires) preceding significant MS peaks (erosion
events) by <20 yr (1-2 interpolated samples) or following erosion events by 10 yr (1 sample)

were identified as probable high-severity fires within the Chickaree Lake watershed,
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hereafter “high-severity catchment fires.” I interpreted other CHAR-inferred fires as either
lower-severity events or fires occurring outside the watershed, hereafter “lower-severity/extra
local fires.” A signal-to-noise index (SNI) based on the statistical separation of CHAR values
attributed to fires (i.e., “signal”) and high-frequency CHAR values resulting from other
factors (i.e., “noise”) was used to evaluate whether the charcoal record was suitable for peak
detection (Kelly et al. 2011).

Local vegetation composition was reconstructed using fossil pollen from sediment
subsamples (1 cm®) taken at a median interval of 7.5 cm in the upper ~175 cm and a median
interval of 25 cm below ~175 cm. Samples were prepared using standard digestion methods
(Faegri and Iversen 1975). Pollen was examined at 400 -1000 x magnification with the aid of
a Nikon Eclipse Ci microscope and identified using taxonomic keys and on-line reference

materials. Results are reported as percentages relative to the terrestrial pollen sum.

Quantifying Biogeochemical Response to Fire

| assessed the biogeochemical effects of fire via Superposed Epoch Analysis (SEA), a
nonparametric method used to evaluate the average response to multiple events in a time
series (e.g., Prager and Hoenig 1989, Adams et al. 2003). The analysis was conducted on
high-severity catchment fires (n = 11) and a subset of lower-severity/extra local fires (n = 9)
using custom scripts written in MATLAB. Response variables (6'°N, §"3C, %N, %C, Cac,
C:N, bulk density) were sampled every 0.5 cm for ~5 cm before and after each fire event.
Outside of this window, subsamples composed of sediments from two consecutive 0.5 cm
samples were analyzed at ~1 cm intervals. The high-resolution sampling window represents

~50 to 125 yr (depending on local sediment accumulation rates). The SEA was performed
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specifically on samples from 50 yr pre-fire to 75 yr post-fire (a span selected based on trends
during lodgepole pine stand development; e.g., Pearson et al. 1987). Prior to SEA, samples
were interpolated to the median sample resolution of 5 yr and low-frequency trends were
summarized with a 500-yr locally weighted regression robust to outliers. To minimize bias
arising from long-term changes in response variables, | subtracted the low-frequency trends
from the interpolated time series to obtain a residual series. The residuals were averaged
across events to produce composite time series (hereafter “response series”) showing each
variable’s mean response to fire events, in 5-yr bins. Because many samples ~50-75 yr post-
fire were not included in high-resolution sampling, composite patterns during this period may
be more muted than if they were sampled at higher resolution.

To assess statistical significance of response series values, confidence intervals were
generated with a Monte Carlo randomization method. For each response variable, 10,000
time series were created by randomly shuffling samples in 5-sample blocks to account for
autocorrelation. Each random time series was sampled via the same method used to generate
the observed response series, producing random composites. The 0.5", 2.5", 97.5" and
99.5™ percentiles from the 10,000 random composites were used to construct 95% and 99%
confidence intervals.

As a complementary analysis to the SEA, | used correlation analysis to evaluate if the
degree of biogeochemical response to fire varied with the magnitude of the events, measured
via charcoal peak magnitude (# particles/cm?), an assumed metric of fire severity, size,
and/or proximity to the lake (e.g., Whitlock et al. 2006). Specifically, | determined the
Pearson correlation coefficient (rp) between log-transformed peak magnitude and response

variable residuals averaged over two post-fire temporal windows (0-20 yr; 20-50 yr)
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corresponding to significant responses to high-severity catchment fires revealed by the SEA.

The correlation analysis was performed for both types of fire events.

RESULTS

Sediment Chronology, Fire History, and Vegetation History

The entire Chickaree Lake sediment record spans ~6300 yr, but here I report on the
record from ~4250 cal yr BP to present, when sedimentation rates ranged from 0.08 to 0.41
cm/yr, and averaged 0.15 cm/yr (4 yr/sample; Fig. 2). The only clear evidence of
instantaneous sedimentation was a ~1.5 cm section of charcoal at ca. 3720 cal yr BP (535.0-
536.5 cm), likely representing rapid delivery of charred material to the lake after a high-
severity fire close to the lake. This section was removed from the chronology, and all data
were averaged over the three 0.5 cm samples.

Charcoal and magnetic susceptibility (MS) peak analysis revealed 34 fires and 20
erosion events. Thirteen fires coincided with erosion events, meeting my definition for high-
severity catchment fires, while other fires were defined as lower-severity/extra local fires
(Fig. 3). Two high-severity catchment fires (ca. 4176 and 3313 cal yr BP) were excluded
from the analysis of biogeochemical response because they were followed too closely (< 75
yr) by other high-severity catchment fires. Including these events in the SEA would have
resulted in overlapping and thus distorted composite records.

The CHAR record median signal-to-noise index (SNI; 19.1) far exceeded the
minimum median SNI of 3 suggested for charcoal peak analysis (Appendix A; Kelly et al.
2011) — providing strong evidence that significant CHAR peaks represent fires. A surface fire

identified in a tree ring fire history reconstruction near the lake (ca. 1872 CE; Sibold et al.
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2007) —which had little ecological impact — caused no discernible sediment charcoal
accumulation, suggesting that similar events did not leave charcoal signatures. In contrast,
the 1782 CE tree ring-dated stand-initiating fire corresponded well with the most recent high-
severity catchment fire in the charcoal record (Fig. 3), indicating that large, high-severity
events were recorded in the sediments. In the original age-depth model, the 1782 fire fell
within the 95% confidence interval of the date of this charcoal peak (to further constrain the
final age model, a date of 1782 was ascribed to this peak). Given the small catchment area
(~28 ha), many of the lower-severity/extra local fires could have occurred beyond the
watershed boundary (but still within ~1 km of the lake).

Individual return intervals for all fires (FRI) varied from 20 to 330 yr/fire, with a
series-wide mean of 122 yr/fire (95% CI = 91-152). Mean 1000-yr FRIs did not differ
significantly through time, indicating an absence of millennial-scale changes in fire
frequency. However, the rate of high-severity catchment fires was higher early in the record;
eight events occurred between ~4250 and 2000 cal yr BP, while only three occurred over the
last two millennia (Fig. 3).

Pollen percentages indicate that lodgepole pine dominated the forest around the lake
for the entire record (Fig. B1). Pinus pollen accounted for 70% (mean) of total terrestrial
pollen (range, 46-88%). | assume that Pinus pollen primarily represents lodgepole rather than
limber pine (Pinus flexilis) based on abundance of the Pinus subgenus Pinus type pollen
(e.g., Minckley et al. 2012). Picea was a minor component of the pollen spectra, with
percentages ranging from < 1% to 13% (mean, 5%), and Abies was usually present but rare

(< 2%). Known N-fixing taxa (e.g. Alnus, Ceanothus, Shepherdia spp.), were nearly absent



14

from the pollen record, never accounting for more than ~1% of the pollen in any single
sample.
Sediment Biogeochemistry
Provenance and Preservation of Organic Matter

Abundant organic C (mean, 16.2%, stdev., 4.4%; Fig. 4), high sedimentation rates
(Fig. 2), and several other lines of evidence suggest that rapid accumulation of allochthonous
(terrestrial) and autochthonous (originating within the lake) organic matter preserved
biogeochemical signals of terrestrial processes and algal productivity, permitting inferences
about fire-induced forest and lake ecosystem change. High organic matter content, the strong
correlation between %C and %N, an absence of persistent down-core trends, and the
infrequency of unexplained strong correlations between isotopic composition and %C, %N,
or C:N (Fig. 4, Fig. B2, Table B3) suggest that sediment organic matter was relatively well-
preserved and subject to minimal systematic diagenetic degradation of labile material,
possibly due to rapid burial under anoxic conditions (Hodell and Schelske 1998, Meyers and
Lallier-Verges 1999, Lehmann et al. 2002, Galman et al. 2008, Galman et al. 2009). A weak
correlation between %C and %N could indicate preferential degradation of N-enriched
organic matter, and a strong positive correlation between C:N and §°N may be caused by
preferential losses of **N under oxic conditions (Lehmann et al. 2002) — but these
relationships were not evident in the Chickaree record (Fig. 4). Thus, | conclude that
diagenetic changes likely did not obscure biogeochemical signals of organic matter source or
fire impacts.

Sediment 8*°N values lower than those typical of algae (which take up **N-enriched

dissolved inorganic N [DIN] ), and a weak negative correlation between 5°N and %N (Fig.
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4), are consistent with regulation of sediment isotopic composition by dissolved organic N
(DON) derived from the isotopically depleted forest floor (Hogberg 1997, Meyers and
Lallier-Verges 1999, Michalzik et al. 2001, Bunting et al. 2010). DON accounts for most
hydrologic N losses from many undisturbed temperate forests (e.g., Perakis and Hedin 2002,
Vanderbilt et al. 2002). Work by Bunting et al. (2010) demonstrated that terrestrial DON
inputs strongly influenced N cycling and sediment 8"°N in a series of subalpine lakes in the
Canadian Rockies. Mean Chickaree Lake "°N (0.96%o, stdev., 0.49%o,) was similar to
sediment 8'°N values of Canadian Rockies lakes where DON accounted for > 75% of lake N
(mean, 0.97%o, stdev., 1.5%o,). Mean Chickaree Lake sediment C:N (14.9, stdev., 1.8; Fig. 4)
was considerably higher than the C:N of algal organic matter (~ 4-10; Meyers and Lallier-
Verges 1999) and similar to the sediment C:N of subalpine lakes receiving significant
terrestrial organic matter inputs (14.8; 14.1; Wissmar et al. 1977, Bunting et al. 2010).
However, high terrestrial organic matter C:N values in Rocky Mountain subalpine forests
(~25-70; Fahey et al. 1985, Baron et al. 2000; Table B2) suggest that allochthonous inputs
did not dominate Chickaree Lake sediment organic matter. Rather, sediment composition
was also heavily influenced by algal productivity, further evidenced by high BSi content
(mean, 26%, stdev., 4.3%) and correlations among proxies (Fig. 4, Table B3). For example,
negative correlations between BSi and both C:N and %C (Fig. 4, Table B3) indicate that
algal organic matter tended to reduce C:N while diatom remains diluted organic matter
derived from non-siliceous algae and/or terrestrial sources.

The imprint of algal productivity was also apparent in sediment isotopic composition.
Algal discrimination against *°N and **C tends to subside as DIN and dissolved inorganic C

(DIC) stocks are depleted during periods of high aquatic productivity, leading to isotopic
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enrichment of algal biomass (e.g., Hollander and McKenzie 1991, Hodell and Schelske 1998,
Teranes and Bernasconi 2000). In the Chickaree Lake record, a positive correlation between
BSi and 8N (Fig. 4) suggests that elevated algal productivity periodically led to isotopic
enrichment of sediment organic matter. Productivity-induced **C enrichment was most
evident between ~1300 cal yr BP and present, when 8"3C was positively correlated with BSi
and negatively related to C:N and %C (Table B3). Positive correlations between §'°C and
C:N in other sections of the core (e.g., ~2800 to 1300 cal yr BP; Table B3) indicate periods
when within-lake C respiration likely depressed DIC §'*C, resulting in autochthonous
organic matter that was isotopically depleted relative to terrestrial plants (Rau 1978, LaZerte
1983). All 8*3C values fall within the range characteristic of both algal organic matter and

temperate forest vegetation (Fig. B2; Meyers and Lallier-Verges 1999).

Biogeochemical Response to Fire

Superposed Epoch Analysis (SEA) revealed pronounced and statistically significant
biogeochemical and physical changes following high-severity catchment fires (Fig. 5, Fig. 6).
The events were followed closely (~0-20 yr) by significant increases in lake-sediment 5°N
and bulk density and decreases in %C and %N. Within ~25 yr post-fire, §*°N and bulk
density returned to non-significant values, while %C and %N were anomalously low until
~35-40 yr after fire. C:N and C, were significantly high immediately after fire, then
dropped sharply ~15-20 yr post-fire to anomalously low values. C:N remained low ~20-50 yr
post-fire, while C,.c anomalies occurred between ~15 and 35 yr after events. Recovery of
%C, %N, C:N, and C, toward average levels ~30-50 yr after fire coincided with a

monotonic decrease in "N to significantly low values ~55-70 yr post-fire. Sediment §*°N,
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bulk density, %C, and %N all returned to near-pre-fire levels by ~75 yr after events. Unlike
other variables, composite 8'*C did not differ from random before or after fire events;
however, examination of patterns after individual high-severity catchment fires revealed
several pronounced responses that varied in direction, resulting in a neutral composite post-
fire record (Fig. 5). In contrast to the marked responses to high-severity catchment fires, the
SEA showed little response variable change following lower-severity/extra local fires (Fig.
5).

Biogeochemical and physical responses to high-severity catchment fires were more
pronounced following events with greater charcoal peak magnitudes (Fig. 7). Peak
magnitude was significantly correlated with mean residual §*°N (rp = 0.75), bulk density (rp =
0.79), %C (r, = -0.62), and %N (r, = -0.74) ~0-20 yr after fires (p < 0.05; Fig. 7) — the period
of anomalously high 8*°N revealed by the SEA (Fig. 6). Between 20 and 50 yr post-fire, the
period marked by significantly low composite C:N (Fig. 6), peak magnitude was significantly
correlated with mean residual bulk density (r, = 0.75), %C (r, = -0.81), %N (r, = -0.80), and
C:N (r, = -0.66), but was uncorrelated with 8"°N (r, = 0.11, p = 0.75; Fig. 7). Peak magnitude
of lower-severity/extra local fires was uncorrelated with all response variables within both

post-fire temporal windows (Fig. B3).

DISCUSSION

Biogeochemical Response to Fire

This analysis revealed significant biogeochemical changes following high-severity
catchment fires that likely reflect terrestrial C and N losses to combustion/volatilization,

increased mineral soil inputs to the lake, marked shifts in the provenance of lake organic
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matter, and C and N accumulation in forest biomass during stand recovery. The significant
composite responses indicate that ecosystem impacts and recovery were relatively consistent
over the past ~4250 yr, a period characterized by marked climatic change in the Colorado
Rockies (Shuman et al. 2009, Anderson 2011), though examination of trends over multi-
centennial-and-longer time scales is beyond the scope of this study.

Consistent with my hypotheses, the fires were followed closely by statistically
significant increases in sediment 8°N and declines in %C and %N, and responses were more
pronounced after events that were higher-severity, larger, or closer to the lake (inferred from
charcoal peak magnitude). As predicted, 5'°N declined significantly as sediment organic
matter recovered over decades, suggesting diminishing terrestrial N availability during forest
aggradation. These multi-decadal post-fire biogeochemical trends, similar to patterns from
forest chronosequences, highlight a long-lived coupling between the forest and lake
following severe disturbance and suggest that successional terrestrial processes were
recorded in the sediments.

This high-resolution analysis — the first to systematically test the utility of bulk lake-
sediment 8'°N as an indicator of fire-induced N cycle change — suggests that lake-sediment
8N can provide insights into N loss and availability in ecosystems shaped by stand-
replacing fires. The results reveal a clear link between lake-sediment 8*°N and fire that has
not been explicit in lower-resolution and broader-temporal-scale paleoecological
reconstructions (e.g., Gillson and Ekblom 2009, Jeffers et al. 2012). Detecting the
biogeochemical impacts of fire hinged on several factors. First, the analysis isolated fires that
clearly occurred within the catchment, excluding events outside the basin that could not have

affected the composition of terrestrial exports to the lake. Second, high-resolution sampling
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around fires allowed me to capture high-magnitude changes that may have been erased or
blunted at coarser resolution. And finally, the SEA highlighted signals of fire amidst other

high-frequency variability caused by processes operating over similar and longer time scales.

Short-Term Response (~0-20 yr post-fire)

The significant increase in lake-sediment *°N following high-severity catchment
fires is consistent with isotopic enrichment caused by terrestrial N loss (Fig. 6). Several
mechanisms may share responsibility for the response, including preferential volatilization of
YN (Turekian et al. 1998, Saito et al. 2007), combustion of isotopically light organic matter
pools (Hogberg 1997, LeDuc et al. 2013), and elevated nitrification followed by losses of
>N-depleted nitrate and gaseous N (Pardo et al. 2002, Boeckx et al. 2005, Pértl et al. 2007,
LeDuc et al. 2013). While it is possible that climatic conditions at the time of fire or an influx
of soil nutrients to the lake after fire promoted aquatic processes that contributed to the §°N
signal (i.e., algal productivity, denitrification; Teranes and Bernasconi 2000, Veraart et al.
2011), the coincident significant declines in %C and %N and increase in bulk density (Fig. 5,
Fig. 6) indicate that the 5*°N anomaly was driven by a marked shift in the physical and
biogeochemical composition of forest inputs to the lake. Algal biomass 8N tends to reflect
the isotopic composition of source N (e.g., Kaushal et al. 2006), so an increase in terrestrial
"N following fire may be recorded in autochthonous, as well as allochthonous, sediment
organic matter as isotopically enriched material enters a lake.

The magnitude of post-fire change was well-correlated with charcoal peak magnitude,
while proxy response to lower-severity/extra local fires was comparatively muted or non-

existent and uncorrelated with peak magnitude (Fig. 7, Fig. B3). These results suggest that



20

larger or more severe fires caused greater organic matter losses, erosion, and isotopic
enrichment (e.g., Stephan 2007) — indicating that this suite of lake-sediment proxies can help
infer the severity and/or extent of past fires. The results also provide some of the strongest
support for previous interpretations of charcoal peak magnitude as an indicator of fire
severity (e.g., Whitlock et al. 2006, Higuera et al. 2009).

| propose that combustion of the *N-depleted forest floor (Hogberg 1997, Grogan et
al. 2000, LeDuc et al. 2013) and preferential volatilization of **N from vegetation and soils
(Turekian et al. 1998, Saito et al. 2007) led to an influx of isotopically enriched mineral soil,
charred material, and dissolved and particulate organic matter to the lake — all raising
sediment 8"°N. Destruction of the forest floor removed the chief pre-fire source of
allochthonous C (Baron et al. 1991, Brooks et al. 1999, Michalzik et al. 2001) and the
resulting influx of soil-derived mineral material increased bulk density and reduced %
organic matter (i.e., %C, %N) in the sediments. High C:N and C,.c immediately after fire
suggest a short-lived surge of terrestrial material to the lake (Fig. 6).

High-severity fires may cause wholesale losses of litter and organic soil (e.g., Turner
et al. 2007, Bormann et al. 2008), which typically hold about one-third of temperate forest
soil N (Nave et al. 2011). Because soil 5°N increases with soil depth (e.g., Natelhoffer and
Fry 1988), these losses expose more isotopically enriched horizons to erosion, likely raise the
8"N of soil leachates, and may result in elevated foliage and litter 5'°N during early
succession as plants take up isotopically heavier N (Hogberg 1997, Grogan et al. 2000,
Stephan 2007, LeDuc et al. 2013). Thus, the isotopic signal in the Chickaree Lake sediments
may be a product of both N loss to fire and increased contributions from a more *N-enriched

N pool. The proxy responses, and their strong relationships with charcoal peak magnitude,
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suggest that post-fire >N enrichment may reflect the extent of (**N-depleted ) forest floor
combustion — identified as a strong indicator of fire severity in Colorado Front Range forests
(Lewis et al. 2006).

The correlation between charcoal peak magnitude and sediment 8"°N (Fig. 7) also
suggests that the charcoal itself may have contributed to isotopic enrichment. Charred
material isolated from the sediments had 5N values (mean, 1.88%o, n = 4) similar to the
charcoal-rich bulk sediment sample from which it came (1.51%o) and markedly higher than
values observed in vegetation and forest floor detritus from the Chickaree watershed and
other lodgepole pine forests (e.g., Table B2, Choi et al. 2005). Laboratory experiments have
shown fire-induced enrichment in burned material (e.g., + 2.5%o ; Turekian et al. 1998).
These observations suggest that fires preferentially volatilized **N, leaving a signal of N loss
in charred material, and that deposition of the material in the lake contributed to the post-fire
8"°N peak. However, given my dataset, | cannot determine the degree to which the signal
reflects the extent of N volatilization vs. the charcoal content of the sediment.

Although volatilization is likely the main mechanism of N depletion in lodgepole pine
forests (Fahey et al. 1985, Johnson et al. 1998), elevated nitrification and nitrate losses also
could have contributed to post-fire isotopic enrichment (Hogberg 1997, Pardo et al. 2002,
Boeckx et al. 2005, Portl et al. 2007, LeDuc et al. 2013), as stand-replacing fires reduce plant
N demand, mineralize organic N, and foster soil conditions that favor nitrification (Vitousek
and Melillo 1979, Certini 2005, Smithwick et al. 2005). Nitrification yields isotopically
enriched ammonium and mobile, **N-depleted nitrate that may be lost from a system via
leaching and denitrification — progressively enriching soils in >N (Hogberg 1997, Portl et al.

2007).
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Elevated nitrate outflow has been observed after disturbance in lodgepole pine forests
(e.g., Knight et al. 1991, Bladon et al. 2008), but post-disturbance nitrate losses in N-poor
forests are typically minor relative to the large losses seen after deforestation in more N-
enriched forests in the Northeastern United States (e.g., Likens et al. 1970) — likely owing to
microbial N immobilization favored by high organic matter C:N ratios (e.g., Vitousek and
Melillo 1979, Vitousek and Matson 1985, Turner et al. 2007, Koyama et al. 2010). For
example, Turner et al. (2007) concluded that a microbial N sink strongly conserved
mineralized N during early succession (1-4 yr post-fire) after high-severity fires in Greater
Yellowstone Ecosystem lodgepole pine forests. Early successional re-vegetation also may
strongly limit N availability and losses after stand-replacing events in these forests (Turner et
al. 2011). These studies suggest that any isotopic enrichment due to post-fire changes in N
availability/nitrate loss rates would be minor and short-lived in the Chickaree Lake

watershed.

Long-Term Response (~20-50 yr post-fire)

Although lake-sediment signatures immediately following high-severity catchment
fires were dramatic, proxy anomalies several decades after the events may be more
ecologically significant. Most notably, the fires appear to have caused long-lived changes in
the provenance of lake organic matter, evidenced by significantly low sediment C:N
between ~20 and 50 yr after events (Fig. 5, Fig. 6). The change could have resulted from
declines in terrestrial organic matter subsidies to the lake and/or increases in aquatic primary
productivity, as the C:N of algal biomass is significantly lower than that of forest material

(Meyers and Lallier-Verges 1999).
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Previous research, largely in boreal watersheds, has revealed little fire-induced
change in terrestrial C inputs to lakes (e.g., Carignan et al. 2000, Marchand et al. 2009).
Marked decreases in terrestrial dissolved organic C (DOC) export were observed after severe
boreal forest fires (Schindler et al. 1996), but the change was attributed to drought. Increases
in aquatic primary productivity have been linked to nutrient pulses to lakes after fires in
upper montane (Kelly et al. 2006) and boreal (Planas et al. 2000) watersheds, though this
effect is believed to be short-lived (e.g., weeks to ~5 yr; Ranalli 2004, Schindler 2009).

Based on the duration of the response (~30 yr) and patterns in other proxies, | believe
that the C:N decline in the Chickaree Lake sediment record was driven primarily by reduced
inputs of terrestrial organic matter after fire and perhaps secondarily by the indirect effects of
this change on algal productivity. Colored DOC, derived largely from the forest floor,
suppresses benthic productivity in small, nutrient-poor lakes by inhibiting light penetration
(Carpenter et al. 1998, Karlsson et al. 2009). Thus, a reduction in allochthonous DOC inputs
in the decades following fire could promote algal productivity, contributing to lower
sediment C:N. A marked decline in terrestrial organic matter subsidies also could
significantly impact lake food webs and biogeochemical cycling (e.g., Cole et al. 2002,
Sobek et al. 2003, Carpenter et al. 2005, Bunting et al. 2010).

My conclusion that the C:N anomaly was driven mainly by a decline in allochthonous
subsidies to the lake, rather than by autochthonous processes, is supported by several lines of
evidence. First, significantly low sediment C,. and %C values between ~20 and 35 yr after
fire (Fig. 5, Fig. 6) are consistent with reduced organic matter inputs and long-term elevated
erosion resulting from combustion of the forest floor (again, the primary source of

allochthonous C) and lower litter production by mature trees. Although sediment %C may be
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greatly influenced by inputs of clastic material, such as soil mineral matter or diatom remains
(i.e., BSi; Fig. 4), the significant decline in the rate of sediment organic matter accumulation
(Cace) coincident with low %C and C:N (Fig. 6) suggests that the changes resulted largely
from reduced terrestrial inputs rather than increased organic matter contributions from
aquatic primary producers.

Second, the strong correlations between response variables and charcoal peak
magnitude (Fig. 7) indicate that the trends ~20-50 yr post-fire were closely linked to organic
matter combustion and more pronounced after events that were higher-severity, larger, and/or
closer to the lake. And finally, while post-fire nutrient subsidies could be recycled within the
lake for a few years (e.g., Axler et al. 1981, Sondergaard et al. 2003), fueling algal
productivity, the sediment record evolves over a multi-decadal time scale that seems more
consistent with organic matter losses and gains associated with fire and forest C
accumulation. High C,., %C, and C:N in the decades preceding high-severity catchment
fires (Fig. 6), suggesting elevated organic matter delivery from the forest to the lake late in
stand development, provide further support for this interpretation.

Although the SEA revealed no 5'°C response, changes in sediment 5*°C following
multiple high-severity catchment fires also appear to be consistent with a shift in the
provenance of lake organic matter. Sediment 5'°C declined sharply after some fires (e.g.,
2670, 2752 cal yr BP; Fig. 5) that occurred during periods when lower §*3C was likely
associated with algal organic matter (e.g., ~2800-1300 cal yr BP; Table B3). Thus, multi-
decadal changes in Cacc, %C, C:N, and §'*C may reflect the extent of terrestrial organic
matter losses to fire, successional organic matter accumulation, and fire impacts on lake C

cycling and productivity.
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Ecosystem Recovery

Trends > 40-50 yr after fire suggest recovery of terrestrial organic matter inputs to the
lake and tightening of the N cycle during forest aggradation, providing perhaps the strongest
evidence in the record that forest ecosystem processes were reflected in lake-sediment
biogeochemistry. As indicators of allochthonous organic matter accumulation (Cgec, %C,
C:N) increased, 8*°N declined to anomalously low values (Fig. 5, Fig. 6), consistent with
theory and modern ecological research indicating that terrestrial N availability and thus plant
and soil >N may drop as N is sequestered in growing biomass and forest floor detritus
(Vitousek and Reiners 1975, Fahey 1983, Chang and Handley 2000, Compton et al. 2007,
Craine et al. 2009, Garten et al. 2011, LeDuc et al. 2013). Diminishing N availability during
terrestrial C accumulation has been previously inferred from declines in lake-sediment §°N
over multi-millennial global (McLauchlan et al. 2013) and multi-decadal catchment
(McLauchlan et al. 2007) scales.

Research in forests shaped by stand-replacing fires has shown conflicting and
complex patterns in terrestrial N availability in the decades following disturbance (e.g.,
Smithwick et al. 2005, Smithwick et al. 2009). Nevertheless, the negative excursion in
Chickaree Lake sediment 8*°N (~55-70 yr post-fire; Fig. 5, Fig. 6) and recovery of organic
matter content occurred during the period when lodgepole pine forest N demand and net
primary productivity are expected to peak (forest age of 40-70 yr; e.g., Pearson et al. 1987,
Olsson et al. 1998, Kashian et al. 2013), suggesting a pattern of declining terrestrial N
availability during stand development on a landscape with diminished N stocks. This
tightening of the N cycle as the forest matures may lower ecosystem 8*°N by minimizing N

losses and diminish foliage and litter 5°N by increasing vegetation reliance on isotopically
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depleted N derived from organic soil horizons and/or transferred to host plants by
mycorrhizal fungi (Chang and Handley 2000, Hobbie and Colpaert 2003, Compton et al.
2007, Hogberg et al. 2011, Hyodo et al. 2012, Mayor et al. 2012, LeDuc et al. 2013).
Ectomycorrhizal fungi (common in lodgepole forests; e.g., Douglas et al. 2005) retain **N-
enriched N and deliver >N-depleted N to vegetation, contributing to declining 8*°N in foliage
and the forest floor and increasing 5™°N in deeper mineral soils (Billings and Richter 20086,
Compton et al. 2007, Hobbie and Hogberg 2012).

| considered the possibility that organic matter inputs derived from symbiotic N-
fixing vegetation drove the 8*°N anomaly, as increasing incorporation of atmospheric N
(8"°N ~0 %o) in the plant-soil system has been implicated in ecosystem 8"°N declines (e.g.,
Compton et al. 2007, Perakis et al. 2011) and N-fixation may be high after fire in some
forests (Johnson et al. 1998, Smithwick et al. 2005). However, the litter of N-fixing taxa
tends to be more isotopically enriched than the litter of other lodgepole forest plants (Miller
2011), likely owing to the latter’s reliance on isotopically depleted N transferred by
mycorrhizae. Moreover, the pollen record shows little evidence of N-fixing taxa, even in the
decades following fire (potential N-fixers accounted for only ~0.5% of terrestrial pollen in
sediments deposited between 10 and 80 yr after four high-severity catchment fires). Thus,
elevated symbiotic N-fixation seems an unlikely driver of the significant §°N decline ~40-70
yr after fire (Fig. 6).

I also considered autochthonous explanations for the 8°N trough, but even the
strongest candidates (e.g., increased algal discrimination against *°N due to high DIN
availability) seemed implausible given the composite nature of the record, the fact that the

feature coincided with the period of peak forest N demand, and the lack of supporting
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evidence from other proxies. Rather, the proxies appear to support my interpretation — that
the 8'°N trend was driven by terrestrial successional processes. Composite %C and %N had
largely returned to pre-fire levels by ~75-80 yr after high-severity catchment fires (Fig. 5,
Fig. 6), broadly consistent with chronosequences of C and N accumulation during stand
development. In Rocky Mountain lodgepole pine forests, 80% of C was regained within 50
yr of stand-replacing fire and 90% within 100 yr (Kashian et al. 2013), and all pre-fire N was
recovered within 100 yr (Smithwick et al. 2009).

To my knowledge, no other studies have examined lake-sediment 8"°N response to
individual fires, but links between the proxy and other terrestrial disturbances have been
tested. My results are similar to those of McLauchlan et al. (2007), who observed significant
changes in "N values of sediments deposited during deforestation and forest recovery
within a New England watershed. They attributed a marked, multi-decadal increase in
sediment 8'°N during disturbance to elevated terrestrial N availability and an influx of *N-
enriched N and organic matter to the lake. Sediment §*>N dropped over decades as the forest
recovered, in concert with declines in stream nitrate concentrations and tree ring 5°N. In
contrast, Morris et al. (2013) found no relationship between lake-sediment §*°N and severe
spruce beetle outbreaks in Utah. The contrasting results are likely a product of differences in
regional N cycling and the nature and duration of the disturbance. The New England
disturbance was longer-lived, caused larger changes in biomass, likely resulted in greater soil
erosion, and occurred on a more N-enriched landscape with greater potential for nitrate
losses. Decadal-scale beetle outbreaks leave live understory vegetation and beetle-resistant
trees that may prevent erosion and strongly retain N following disturbance in N-limited

conifer forests (Rhoades et al. 2013). While strong biotic N retention may have similarly
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minimized isotopic enrichment via nitrification and nitrate losses immediately after fires
around Chickaree Lake, combustion/volatilization of *>N-depleted N and organic matter

during fires may have been significant, possibly driving the 5N signal.

Conclusions

My results suggest that analysis of lake-sediment charcoal records in concert with
8N and other proxies can provide a unique and powerful tool for illuminating decadal- to-
centennial-scale biogeochemical change following fire, over thousands of years. The post-
fire trends appear to reflect terrestrial impacts, fire size and/or severity, and forest recovery
over time scales relevant to modern forest ecology and management. Moreover, because this
paleoecological approach permits repeated evaluation of disturbance response over many
disturbance intervals spanning diverse climates, it has the potential to provide insights into
biogeochemical response to fire under anticipated climatic change.

Interpretation of sediment biogeochemical change is inherently complex and indirect,
requiring multiple proxies to untangle the myriad terrestrial and aquatic processes that may
influence a record. While this work is no exception, the statistically significant composite
signals of disturbance were products of multiple responses to fires similar in timing and
direction, providing unusually strong paleoecological evidence of cause and effect. Although
much work is needed to inform inferences about the mechanisms responsible for change —
including modern calibration studies that directly link terrestrial processes to lake sediment
patterns under a variety of climatic conditions — this research helps build an interpretive
framework for similar studies at broader scales and in other ecosystems shaped by stand-

replacing fires.
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Figure 1. Map of study site. Chickaree Lake lies within a subalpine forest on the west side of
Rocky Mountain National Park, CO. The ~1.6 ha lake has a ~28 ha watershed (Map data
source: Rocky Mountain National Park; inset data source: Google Maps).
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Figure 5. Results of Superposed Epoch Analysis. (A) Raw and smoothed (500 yr trend; bold
line) time series, with vertical solid lines denoting high-severity catchment fires (n = 11) and
vertical blue dotted lines denoting lower-severity/extra local fires (n = 9). Grey dots represent
lower-severity/extra local fires not included in the analysis (see Methods). (B) Composite
residual response values (y axis) before and after high-severity catchment fires (solid red
lines) and (C) lower-severity/extra local fires (dotted blue lines). The horizontal dotted and
solid lines in B and C represent Monte Carlo-derived 99% and 95% confidence intervals,
respectively.
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Figure 7. Relationships between high-severity catchment fire charcoal peak magnitude and
the magnitude of proxy responses over two post-fire time intervals. Pearson correlation
coefficients (r) were calculated using the log-transformed peak magnitude of each fire event
and mean residual response variable values between 0 and 20 yr (left column) and 20 and 50

yr (right column) after each event.
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APPENDIX A. SUPPLEMENTARY METHODS
Precision and Accuracy of Isotopic Measurements
Analytical precision of isotopic measurements was evaluated using within-run and
between-run standard deviations from repeat analysis of a lake sediment standard and
laboratory standards at the Idaho Stable Isotopes Laboratory, University of Idaho (Ul), and
the Stable Isotope Core Laboratory, Washington State University (WSU). Accuracy was
assessed by calculating the mean difference between observed and known values for
standards calibrated with internationally distributed reference materials. Error associated with
sediment subsampling was evaluated by analyzing replicates taken from the same samples.
The mean within-run standard deviation for the sediment standard was +/- 0.07%. for
8"3C and +/- 0.14 %o for 8N at Ul (n = 12 runs) and +/- 0.04%o for *3C and +/- 0.17%. for
8N at WSU (n = 4 runs). The between-run standard deviation for mean lake sediment
standard values was +/- 0.09%o for *3C and +/- 0.22%. for 8*°N at Ul (n = 12) and +/- 0.02
%o for 5'°C and +/- 0.12%o for 8*°N at WSU (n = 4). The mean within-run standard deviation
for acetanilide lab standards was +/- 0.08%o for 5"°N and +/- 0.07%. 8"*C at Ul and +/-
0.21%o for 8'°N and +/- 0.08%, &*C at WSU. Accuracy was 0.05%o for 5*3C and 0.19%o for
8N at Ul and 0.09%. for both §'°C and 8'°N at WSU. Sediment subsampling error was +/-

0.11%o for 8*3C and +/- 0.12%. for 8"°N (five sets of n = 4 replicates; run at Ul).
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Peak Analysis of Charcoal and Magnetic Susceptibility Records
Fires and erosion events were inferred from statistically significant peaks in charcoal
accumulation rate (CHAR) and magnetic susceptibility (MS), respectively, using
CharAnalysis version 1.1 (Higuera et al. 2009), which decomposes a time series into a low
frequency background component and a high-frequency peak component. Prior to statistical
analysis, CHAR and MS values were re-sampled to continuous 10-yr resolution. MS data
were also transformed to positive values by adding the minimum observed value (SI units) to
all measurements. Background CHAR and MS were estimated within 500-yr windows using
a locally weighted regression robust to outliers (Cleveland 1979). Residual CHAR and MS
were calculated by subtracting background values from the interpolated values to create a
peak series composed of two populations: distinct peaks caused by local fires or erosion
events (with a mean significantly higher than zero), and variability (i.e., “noise”) associated
with other factors (with a mean near zero). Within overlapping 500-yr sections, peak CHAR
and MS samples exceeding the 99.9™ percentile of the local noise distribution estimated
using a Gaussian mixture model were identified as potential fires or erosion events (Higuera
et al. 2010). A charcoal peak exceeding this threshold was interpreted as a fire only if its
maximum value had a < 5% probability of originating from the same Poisson distribution as

the minimum charcoal count from the preceding 75 yr (Higuera et al. 2010).



APPENDIX B. SUPPLEMENTARY RESULTS

Table B1. Radiometric dates for Chickaree Lake, CO.
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2%y Activity Modeled or
(dpm g) Calibrated date
Sample Depth Laboratory or **C date (cal. yr BP)
(cm) Material ID? (yr BP)" 95% CI°
sediment Research 7733 + 131 -57 (-58  -56)
sediment Research 7785 + 1.18 -53 (-53  -52)
sediment Research  66.27 + 0.82 -48 (-49  -48)
sediment Research 5799 + 0.86 -43 (-44  -42)
sediment Research 4553 + 0.71 -37 (-38  -36)
sediment Research 4588 + 1.09 -31 (-32  -30)
11.0-13.2 Bulk Flett
sediment Research  30.27 + 0.63 -23 (-25 -22)
13.2-15.4 Bulk Flett
sediment Research 2548 + 0.55 -16 (-17  -15)
15.4-18.6 Bulk Flett
sediment Research  19.88 + 0.50 -7 (-9 -6)
18.6-20.8 Bulk Flett
sediment Research 2328 + 047 8 6 10)
20.8-21.9 Bulk Flett
sediment Research 1957 + 045 23 (20 25)
sediment Research 1590 =+ 044 30 (27 33)
sediment Research 1235 =+ 0.37 58 (52 63)
CAMS
58.0-59.5 Charcoal 139054 120 £+ 100 150 (3 406)



61.6-62.1

81.5-83.5

83.0-83.5

116.0-117.5

116.5-117.0

124.5-125.0

155.0-156.5

191.0-191.5

191.5-192.0

240.0-240.5

290.0-290.5

340.0-340.5

380.0-380.5

423.5-424.0

424.0-424.5

452.0-453.0

488.5-489.0

530.0-530.5

570.5-571.0

Plant remains

Charcoal

Bulk
sediment

Charcoal

Bulk
sediment

Bulk
sediment

Charcoal

Bulk
sediment

Charcoal

Bulk
sediment

Bulk
sediment

Bulk
sediment

Wood

Bulk
sediment

Charcoal

Charcoal

Bulk
sediment

Bulk
sediment

Bulk
sediment

CAMS
155252

CAMS
139055

CAMS
139056

CAMS
139057

CAMS
139058

CAMS
155253

CAMS
139059

CAMS
155254

CAMS
155255

CAMS
159645

CAMS
159646

CAMS
159647

CAMS
155256

CAMS
155257

CAMS
155258

CAMS
155259

CAMS
155260

CAMS
159648

CAMS
159649

165

230

395

620

750

840

1010

1310

1245

1810

1975

2375

2495

2685

2555

2740

3045

3390

3805

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

35

70

30

70

35

30

50

30

45

30

30

35

35

35

35

70

35

30

35

173

233

466

601

686

746

924

1251

1183

1752

1924

2410

2580

2788

2661

2847

3269

3636

4194

3
3
(330
(525
(659
(693
(798
(1181
(1066
(1637
(1863
(2344
(2392
(2752
(2503
(2754
(3147
(3565

(4092

58

283)
456)
505)
679)
731)
879)
1043)
1291)
1274)
1821)
1989)
2665)
2719)
2855)
2747)
3032)
3351)
3704)

4359)



605.5-606.0

639.5-640.0

680.5-681.0

720.5-721.0

763.5-764.0

Bulk
sediment

Bulk
sediment

Bulk
sediment

Bulk
sediment

Bulk
sediment

CAMS
159650

CAMS
155261

CAMS
159651

CAMS
159652

CAMS
159653

4050

4245

4675

5175

5610

I+

I+

I+

I+

I+

30

40

35

35

40

4522

4825

5399

5933

6379

(4439
(4647
(5322
(5794

(6310

59

4777)
4865)
5567)
5992)

6476)

®CAMS: Center for Accelerator Mass Spectrometry, Lawrence Livermore National
Laboratory, Livermore, CA.
®ead-210 activity, with standard deviation, or conventional radiocarbon years before present

(CE 1950), with standard deviation.

°See Methods for details on **°Pb modeling and calibration of **C dates.



Table B2. Mean (standard deviation) biogeochemical composition of forest
organic matter

Organic soil Litter/conifer needles Tree cores
(n=4) (n=4) (n=338)
8N (%0)  0.74 (1.07) -3.62 (0.64) -1.80 (0.40)
§3C (%0)  -26.19 (0.36) -28.05 (1.35) N/A

C:N  40.97 (15.86) 50.60 (9.42) N/A

60



Table B3. Spearman correlation coefficients *°
among 8°C, %C, C:N, and BSi over time.

1300 cal yr BP-Present

%BSi §13C C:N
%C -0.82 -0.68 0.67
C:N -0.38 -0.32
s1C 0.69

2800-1300 cal yr BP

%BSi R C:N
%C -0.57 0.42 0.79
C:N -0.70 0.49
§1C -0.07

4250-2800 cal yr BP

%BSi §3c C:N
%C 0.03 0.05 0.69
C:N 0.02 0.12
§*c -0.03

Correlations reflect reduced sample sizes to
account for autocorrelation (see Methods).
"Correlations significant at the p < 0.05 level

are bold.
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Figure B1. Pollen percentage diagram for Chickaree Lake, CO, showing major pollen taxa
identified. Percentage abundance (y axis) is shown by time (x axis). Percent abundance was
calculated relative to total terrestrial pollen.
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Figure B2. Biogeochemical time series for Chickaree Lake, CO, 4250 cal yr BP to present.
See Methods for proxy descriptions.
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Figure B3. Relationships between lower-severity/extra local fire charcoal peak magnitude

and the magnitude of proxy responses during two post-fire periods. Pearson correlation
coefficients (r) were calculated using the log-transformed peak magnitude of each fire and

mean residual response variable values between 0 and 20 yr (left column) and 20 and 50 yr
(right column) after each event.



