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Abstract

:

Forests store a large amount of terrestrial carbon, but this storage capacity is vulnerable to wildfire. Combustion, and subsequent tree mortality and soil erosion, can lead to increased carbon release and decreased carbon uptake. Previous work has shown that non-constant fire return intervals over the past 4000 years strongly shaped subalpine forest carbon trajectories. The extent to which fire-regime variability has impacted carbon trajectories in other subalpine forest types is unknown. Here, we explored the interactions between fire and carbon dynamics of 14 subalpine watersheds in Colorado, USA. We tested the impact of varying fire frequency over a ~2000 year period on ecosystem productivity and carbon storage using an improved biogeochemical model. High fire frequency simulations had overall lower carbon stocks across all sites compared to scenarios with lower fire frequencies, highlighting the importance of fire-frequency in determining ecosystem carbon storage. Additionally, variability in fire-free periods strongly influenced carbon trajectories across all the sites. Biogeochemical trajectories (e.g., increasing or decreasing total ecosystem carbon and carbon-to-nitrogen (C:N) ratios) did not vary among forest types but there were trends that they may vary by elevation. Lower-elevations sites had lower overall soil C:N ratios, potentially because of higher fire frequencies reducing carbon inputs more than nitrogen losses over time. Additional measurements of ecosystem response to fire-regime variability will be essential for improving estimates of carbon dynamics from Earth system models.






Keywords:


carbon cycle science; biogeochemical modeling; wildfire; paleoecology; paleo-fire reconstructions; subalpine forests












1. Introduction


Temperate coniferous forests are significant carbon sinks and are essential for mitigation goals aimed at keeping global warming below 1.5 degrees C [1,2]. Western US forests are among the most carbon dense forests in the world [3] and remain strong carbon sinks [4] despite increases in drought and fire-related mortality [5]. Fire can reduce forest carbon sinks through decreased carbon uptake (due to increased plant stress or mortality), biomass and soil combustion, and/or post-fire soil erosion, creating long-lasting legacies on potential ecosystem carbon storage [6,7]. Thus, the ability of forests to continue to store and sequester carbon may decrease as wildfires and area burned increase [8,9,10,11]. These dynamics may create a positive feedback between increased fire activity and reduced carbon storage if the time interval between severe fire events becomes shorter than forest regrowth [12]. Such feedbacks may be particularly important in slow growing subalpine forests where high-severity fire has historically played an important role [13].



Within a broad biome type such as coniferous forests, there is significant variation in plant species composition, but little is known about how species composition interacts with fire regimes to influence carbon and nitrogen dynamics in this region. Spatial differences in plant species distributions, and associated plant traits, have been shown to influence both fire regime characteristics [14] and post-fire ecosystem properties [15]. Traditional plant functional traits such as seed size, leaf thickness, and growth rate are also important for determining flammability and post-fire recovery [16,17,18]. Recently, a suite of plant traits have been identified that indicate fire adaptations or co-evolution with fire [14,18]. These traits, such as bark thickness, seed dispersal distance, and serotiny, vary in subalpine forests of the western US. Finally, nutrient-related plant traits such as foliar N concentration have the potential to create feedbacks with ecosystem primary productivity [19,20] but these are difficult to quantify on decadal or shorter timeframes. Ultimately, regional-scale variation in carbon trajectories will also depend on other site characteristics, such as the local climate. For example, lodgepole pine forests, which comprise a major component of subalpine ecosystems in the western U.S., are experiencing novel climatic conditions in the post-fire recovery phase, leading to decreased post-fire tree regeneration [21,22].



Fire frequency and area burned are increasing in western U.S. forests due to climate change, past fire suppression (leading to a build-up of fuels), and various other anthropogenic effects [9,23,24,25,26,27,28]. Here we focused on documented changes in fire frequency over millennial timescales to evaluate the wide range of possible biogeochemical trajectories that they could produce including increasing, stabilizing, or decreasing carbon storage. It could be hypothesized that increases in fire frequency would increase tree mortality, forest floor carbon pool (e.g., downed woody debris, litter) combustion, and soil erosion, and lead to increased carbon release and decreased carbon sequestration [9,29]. Alternatively, post-fire forest recovery (i.e., tree growth and regeneration) may quickly re-sequester carbon, creating a near stable long-term ecosystem carbon balance over millennia [30]. A third possibility is that increased fire frequency could increase ecosystem carbon storage over past millennia if fires return a significant portion of stored carbon to soils through dead organic matter inputs [6].



The extent to which climate change and changing fire regimes are affecting forest carbon uptake now and in the future is currently unknown and difficult to predict, especially at spatial and temporal scales relevant to human land-use and management [4,31,32,33]. To evaluate how past fire regimes have influenced forest carbon storage, process-based ecosystem models can be used to quantify fluxes and stocks of ecosystem properties over time. Earth System Modeling of fire events and ecosystem properties has been identified as a research priority in fire ecology [34]. Many ecosystem modeling studies use modern forcing data (e.g., modern fire return intervals or climate inputs over approximately the last 30 years) to gain insights into past ecological impacts. Using this short-term, modern data may not accurately portray past ecosystem dynamics because it lacks the full range of potential variability. Recent paleo-informed ecosystem model simulations have shown large differences in output driven by modern vs paleo-fire records [6,7].



Here, we explored how variability in fire activity in subalpine forests of the southern US Rocky Mountains affects carbon and nitrogen dynamics (stocks and fluxes) over centuries to millennia. Building on previous work [7], we inform the biogeochemical model, DayCent, with paleo-fire records to simulate carbon and nitrogen fluxes and stocks over the past ≈2000 years in subalpine forests in northern Colorado. We answer the following questions: (1) How do the long-term (i.e., centennial- to millennial-scale) carbon and nitrogen dynamics of subalpine forests change with varying fire frequency? (2) Does forest type (e.g., species composition) affect carbon dynamics? (3) Does elevation (changes in local temperature and effective moisture) explain any additional regional-scale variation in carbon trajectories? To expand the scope of drivers of carbon trajectories, we examine differences across elevations, which correlate with different absolute climate conditions. We also considered other site-specific factors like the time since the last fire, the range of variation in fire-return intervals, and the mean fire frequency.




2. Materials and Methods


2.1. Model Description


Using prescribed paleo-reconstructions of fire histories [35,36,37], we simulated carbon and nitrogen dynamics using the biogeochemical model DayCent at 14 watershed study sites (Table 1). DayCent is the daily timestep version of the mechanistic and deterministic model CENTURY, which has been widely used to simulate the effects of climate and fire on ecosystem processes on a multitude of ecosystems worldwide [38,39,40]. DayCent includes three soil carbon pools (active, slow, and passives) that span months to millennia, representing long-term ecosystem change to biogeochemical pools. Detailed DayCent documentation and publication lists can be found on the following website: http://www2.nrel.colostate.edu/projects/daycent-downloads.html. We used the most recent version of DayCent with a new standing dead wood pool [9].



The required inputs for DayCent include vegetation cover, daily precipitation and temperature (daily minimum and maximum), soil texture, and disturbance history. DayCent calculates potential plant production as a function of water, light, and soil temperature and limits actual plant growth based on soil nutrient availability. The model includes three soil organic matter (SOM) pools, with different decomposition rates: active, slow, and passive. The active SOM pool (microbial) has short turnover times of 1–3 months. The slow SOM pool (more resistant, structural plant material) has turnover times ranging from 10 to 50 years. depending on the climate. The passive SOM pool includes both physically and chemically stabilized SOM with long turnover times ranging from 400 to 4000 years. In addition, DayCent also includes above and belowground litter pools, and a surface microbial pool (associated with decomposing surface litter). Plant material is split into structural and metabolic material as a function of the lignin-to-nitrogen ratio of the litter (e.g., the structural pool has a higher lignin-to-nitrogen ratios). For this study, DayCent was parameterized to model soil organic carbon to a 30 cm depth using SoilGrids250 [41]. Model outputs include soil carbon and nitrogen stocks, live and dead biomass, above- and below-ground net primary productivity (NPP), heterotrophic respiration (Rh), fire emissions, and net ecosystem production.



Disturbance occurrence, such as fire, in DayCent are prescribed. Here, fires were prescribed based on occurrence in the paleo-fire reconstructions (Table S1). Fires can be parameterized to reflect severity through associated impacts to the ecosystem (e.g., biomass killed, carbon and nitrogen lost, soil eroded). The fire model in DayCent is parameterized to include the combusted and/or mortality fraction of each carbon pool (live and dead wood, foliage, coarse and fine roots, etc.) that occurs with each fire event. In addition, DayCent was recently developed to include a standing dead tree (i.e., “snag”) pool to more accurately represent forest structure [42]. In previous versions of DayCent, dead trees would immediately enter the coarse woody debris pool with a different rate of decomposition and combustion than standing dead trees have, affecting carbon and nitrogen dynamics for decades to centuries.




2.2. Study Sites and Data Collection


Fourteen subalpine forest watersheds are simulated in this study, each with a single lake-sediment record previously used to reconstruct fire history [6,35,36,37]; sites are located in the Rocky Mountain National Park and the Medicine Bow-Routt National Forest (Figure S1, Table 1). Each watershed was simulated for the dominant forest type (Table 1) for approximately the past 2000 years.



Tree inventory, soil, and foliage samples were collected from four (Table S2) of the study sites in June 2018, following standardized terrestrial carbon observation protocols [43,44]. Samples were collected from three of the modeled sites (Chickaree, Summit, and Gold Creek lakes) and one site that was not modeled (Hinman Lake). Tree species data and foliage C:N ratios were used to parameterize tree characteristics in the model that affect tree growth and organic matter decomposition. Soil samples were analyzed for carbon-to-nitrogen (C:N) ratio as well as soil-texture and classification. Hinman Lake was not modeled because of its shorter paleo-fire history compared to the other lakes in the region. However, because Hinman Lake had a similar vegetation composition to several other lakes that we were unable to sample, Hinman Lake parameter data were used for sites with similar forest composition.



At each of the study sites, samples were collected from four, 15 m-radius circular subplots, located 30 meters in each cardinal direction from the edge of the lake (i.e., N, S, E, W). Tree inventories were taken for each subplot, including species, living or dead status, diameter at breast height (DBH), and height for all trees with a DBH > 10 cm. If the tree was dead, a decay class (1–5) was noted. Foliage samples were taken for each tree species present using a 5-m pruning pole, and the current year’s growth on each foliage sample was discarded. Current year’s growth was discarded because the C:N ratio of new foliage is usually much lower than the rest of the canopy (less mass, new tissue) and does not represent the bulk of the photosynthetic surface. Four litter and four soil samples were collected at each subplot. Litter was removed and stored and then a soil corer (4.5 cm diameter), was used to collect soil up to a 30 cm depth or to bedrock (whichever was shallower). Ancillary data were recorded at each site, including ground cover, tree seedling and sapling relative abundance and species present, herbaceous and shrub species present, and signs of human disturbance. In addition, photos of ground cover, tree density, and canopy cover measurements were taken at each subplot.



Environmental analyses of C and N content of the foliage, soil, and litter samples were completed at the University of Idaho’s Biogeochemistry Core Facility using a Costech ECS 4010. Sediment, plant leaf, and atropine standards were used for carbon and nitrogen analysis. After model parameterization and a 2000-year spin up, we compared modern modeled (end-of-simulation), soil C with our field data to validate model output.




2.3. Model Inputs and Parameterization


DayCent submodels that are associated with tree physiological parameters, site characteristics, soil parameters, and disturbance events were modified using available site-specific observations from both published studies and field work. Three forest types were simulated in DayCent: spruce-fir, lodgepole pine, and upper-treeline spruce-fir (Table 1). The soil properties for the sites that were not sampled were acquired from publicly available soil databases [41]. The literature reported that leaf-area-indices for lodgepole pine [45], subalpine fir, and Engelmann spruce [46] were used to further parameterize forest type definitions in the model. Climate data required include daily minimum and maximum temperature and precipitation, which were obtained for the 36-year period from 1980 to 2016 from DAYMET [45]. All model simulations were forced with these modern climate data but repeated for the duration of each simulation. Thus, for all modeled scenarios, climate was functionally non-varying over the duration of the simulations (beyond the variability within the 30-year dataset).




2.4. Model Simulation Scenarios


We used DayCent to run a series of experiments (hereafter “scenarios”) varying the timing and overall frequency of fire events at each site to evaluate the patterns and causes of variations in a suite of model output variables. For each watershed, five DayCent scenarios were completed with varying timing of fire events (Table 2): first, a paleo-fire scenario was run, where the timing of past fires was determined based on the site-specific paleo-fire reconstructions [6,35,36,37]. Second, a no-disturbance scenario was run, with no fires or other disturbance over the duration of the simulation for each watershed. In comparison to the paleo-fire scenario, this scenario highlights the effects any amount of fire has on ecosystem stocks and fluxes over millennia. Finally, a high-fire scenario used a fire return interval that was doubled by repeating the paleo-record twice within the same time period (~2000 years). This in effect halved the fire free intervals from the paleo scenario. We also considered an equilibrium scenario with a constant fire return interval determined from the paleo-record (Figure S2), but we focused our discussion on the paleo-fire, no-fire, and high-fire scenarios.




2.5. Model Evaluation and Statistical Analyses


We compared model output with our soil carbon estimates calculated from the field samples for the four lakes. Soil carbon is not parameterized (is not an input) in DayCent; rather, soil carbon is an output of the model and therefore, allows for site-specific model evaluation. Modeled soil carbon estimates were all within one standard deviation of observed estimate means (Figure S3).



Model simulations were analyzed for differences between forest type and model scenarios using two-sample Students t-tests and single-factor ANOVAs in R [47]. The model outputs that were examined include soil carbon, total ecosystem (C:N) ratios, and total ecosystem carbon. Relationships among soil carbon, C:N ratios, fire frequencies, and elevation were examined using simple linear regressions in R [47].





3. Results


3.1. Impacts of Varying Fire Frequency on Long-Term Carbon and Nitrogen Dynamics of Subalpine Forests


In all scenarios with fire, wildfire occurrence led to immediate and subsequent depletions in soil carbon (Figure 1); these small declines can be seen in the paleo-fire and high-fire simulations. Spikes in soil C show when fires occurred, as there is immediate loss of soil C (decline) following fire. A portion of soil carbon and nitrogen pools were lost and subsequently recovered at different rates. Consequently, higher fire frequencies over centennial time scales (shorter fire-free intervals) led to incremental reductions in carbon and nitrogen stocks (Figure 1, Figure 2, and Figure S5). Total ecosystem and soil carbon were lower at the end of the simulation period (i.e., in 2012) in simulations with high fire occurrence (e.g., at lakes with frequent paleo-fires and in high-fire scenarios compared to paleo-fire scenarios, Figures S6 and S7).



In addition to the changes in the soil carbon pool (Figure 1), the simulations also indicate substantial differences in ecosystem C:N among scenarios (Figure 2). Ecosystem C:N ratios for the no-fire scenario decline during the entire simulation period for all study sites, but fires substantially alter this trajectory. However, at each study site, even though soil carbon was lower for all high-fire scenarios than the paleo-fire scenarios, overall trajectories of ecosystem C:N were similar for high-fire and paleo-fire scenarios (Figure 2). The watersheds with high-frequency paleo-fire records (e.g., Chickaree and Round) had C:N ratios that were very similar for both high-fire and paleo-simulations (Figure 2).



In all the scenarios, fewer, or no, fires for more than a century led to slow but steady increases in both ecosystem C and N stocks. Post-fire recovery of different carbon and nitrogen pools varied based on fire frequency. The high-fire scenario lead to a decline of soil carbon across all sites, whereas the paleo-fire scenarios showed a range of soil carbon values, either decreasing or staying at equilibrium values of soil carbon.



Comparing all study watersheds, regardless of forest type, final (end-of-simulation) total ecosystem carbon was significantly different between the three experimental simulations (Figure 3). No-fire scenarios had the highest values of ecosystem C stocks, followed by the paleo-fire and high-fire scenarios (F = 86.64, df = 2, p < 0.01). Final ecosystem C:N ratios were also significantly different between the three experimental simulations. No-fire scenarios had the highest C:N values, followed by paleo-fire and high-fire scenarios (F = 14.97, df = 2, p < 0.01).




3.2. Impacts of Forest Type on Carbon and Nitrogen Dynamics


Total ecosystem carbon was significantly lower in lodgepole forests than in spruce-fir forests (Figure 3a, dark grey bars, t = −2.62, df = 8, p = 0.03). C:N ratios were not significantly different between lodgepole and spruce-fir forests (Figure 3b, t = −1.05, df = 7, p = 0.32).



Total ecosystem carbon was significantly lower in the high-fire and paleo-fire scenarios compared to the no-fire scenarios in the spruce-fir forest watersheds (Figure 3a, F = 192, df = 2, p < 0.01), and in the lodgepole forest watersheds (Figure 3a, F = 33.18, df = 2, p < 0.01). C:N ratios were not significantly different in high-fire scenarios than in paleo-fire scenarios for spruce-fir forests (Figure 3b, F = 7.31, df = 2, p = 0.07). High-fire total ecosystem C:N ratios were significantly lower than paleo-fire scenarios in lodgepole pine forests (Figure 3b, F = 11.38, df = 2, p < 0.02).




3.3. Influence of Fire Frequency and Site Characteristics on C and N Dynamics


Influence of fire frequency (FF; number of fires over simulation length), fire return interval standard deviation (FRISD; the standard deviation of average time between fire events over simulation length), time since last fire (TSLF), and elevation (ELEV) were evaluated for their impact on model outputs from the paleo-fire scenario on all study sites. Total ecosystem and total soil carbon stocks were significantly lower in watersheds with higher paleo-fire occurrence than in other watersheds (Figure 4a,e, Table 3). Total C:N ratios did not significantly change with increase in FF, while soil C:N ratios were negatively correlated with fire frequency (Figure 4m, Table 3). Total ecosystem carbon, total soil carbon, and soil C:N ratios were highly correlated with increased FRISD (Figure 4b,f,n, Table 3). TSLF and ELEV were not correlated with carbon and nitrogen dynamics in the paleo-fire simulations (Figure 4, Table 3). There was no correlation relationship between FF and study site elevation (Figure S4), although there is a trend of decreasing FF with increasing elevation.





4. Discussion


Using DayCent forced with paleo-fire records, we found several new aspects of simulated carbon and nitrogen fluxes and stocks over the past 2000 years in subalpine forests. Ecosystem carbon trajectories were strongly dependent on fire frequency and timing of fire events. The length of fire-free intervals determined if a watershed gained or lost ecosystem carbon and nitrogen by the end of the simulation period. The occurrence of long fire-free periods led to ecosystem carbon gains whereas frequent fires led to large carbon losses. These results are broadly consistent with empirical work from boreal forests demonstrating that fire-free periods lead to substantial C sequestration in aboveground biomass and upper soil layers [7,48].



Overall, increases in fire frequency substantially decreased soil carbon across all sites over time (Figure 3a). These results have important biogeochemical implications for periods of elevated fire activity in the past [35], and in the future [4,7]. In this study, the repetition (through doubling the paleo-record fire history) of both fire occurrence and variability in the high-fire scenarios resulted in anew equilibria of overall lower carbon-carrying capacity compared to the paleo-fire scenarios. For example, in watersheds that had a long fire-free period at the end of the simulation, soil carbon increased for both the paleo and high-fire scenario (e.g., Seven Lake), but this increase is compressed in time and smaller in magnitude for the high-fire scenario. A long-term high-fire frequency may lower the overall carbon carrying capacity of subalpine forest, but this trend saturates (i.e., stops declining) as seen in a few of the watersheds with higher paleo fire frequency (e.g., Chickaree and Thunder). Reductions in total ecosystem carbon and soil carbon that result from increases in fire frequency may be predictive of future carbon storage in forested ecosystems in the current era of elevated wildfire activity [49], although many other factors contribute to soil carbon values including vegetation type and elevation [50].



High variability in fire return intervals (fire return interval standard deviation) significantly increased total and soil carbon, and raised soil C:N ratio, compared to low variability or no-fire scenarios. Long fire-free intervals in many high-variability simulations likely drove this set of results, because long fire-free periods led to a build-up of carbon and an increase in the soil C:N ratio. Although total ecosystem carbon stocks increased across the study sites in the no-fire scenario, nitrogen stocks also increased, leading to an overall decrease of C:N over time. In no-fire scenarios, nitrogen is being ‘locked up’ in biomass as it accumulates over millennia and not being lost to fire or post-fire impacts. In paleo-fire scenarios, soil C:N ratios decrease with increased fire frequency, which may be due to carbon lost during or after fires, and the return of bioavailable nitrogen to the ecosystem, thereby decreasing the soil C:N ratio. There have been few site-scale studies examining post-fire C:N ratios [51]; however, studies on small time scales (years to decades) and spatial scales (site-specific) may represent processes that differ from the drivers of patterns in our study, which examines C:N ratios across a study region (Southern Rockies) on a millennial timescale. During forest stand development, increases in total C usually occurs with increases in N [52]. In addition, forest floor C and N losses during prescribed fires can be large, and N volatilization during prescribed fires can be larger than N deposition in forests of the Sierra Nevada [53]. Post-fire C:N ratios can be indicative of the ability of the forest to recover, or availability of N for primary production to drive post-fire growth.



Both plant traits, such as foliar C:N, and potentially limiting nutrients, such as nitrogen, were found to be influenced by fire frequency. For example, variability in fire frequency led to high variability in ecosystem C:N ratios (Figure 2 and Figure 3) because of variation in the allocation of N among soil and plant pools. Doubling fire frequency (high-fire scenarios) lowered C:N ratios as compared to the paleo-fire scenarios. As paleo-fire frequency increases, the differences in C:N ratios between paleo and high-fire scenarios decreases. This suggests that there is a point of saturation with the amount of fire occurring, where the C:N ratios for the paleo- and high-fire scenarios are nearly equal (i.e., for Round and Chickaree Lakes) there is already a relatively high amount of fire occurring during the paleo-fire simulation. The lower C:N ratio also suggests that regrowth (or carbon carrying capacity) is not being limited by nutrient availability (nitrogen in DayCent) and is actually being limited by disturbance interval.



We found that no-fire simulations led to the highest total ecosystem carbon stocks for all the study sites. Some of the most carbon dense places in the world (e.g., tropical and temperate rainforests) [54] do not (or very rarely) naturally burn. Most tropical forest fires are human-caused [55] and these forests are not fire-adapted. Carbon carrying capacity is higher in places with no fire, although fire occurrence in fire-adapted ecosystems has other benefits in these ecosystems. Current trends of increased fire-frequency in fire-prone areas of the US [26] (including the Southern Rockies study region) may lead to lower carbon-carrying capacities, as shown by the decrease in total ecosystem carbon in the high-fire scenario (Figure 2). Further simulations with predictive and fully coupled ecosystem models will help elucidate the potential changes in forest carbon sink potential.



Forest type seems to play a role in total ecosystem carbon storage. Our distribution of forest types among study sites is not ideal for making broad comparisons (n = 2 for lodgepole pine and n = 12 for spruce-fir forests) and it would be a more robust analysis if more forest types had been represented equally. However, this study relied on previously collected paleo-fire reconstructions, of which there were 12 spruce-fir forests and two lodgepole pine forests. We parameterized model runs based on forest type because these species are different physiologically. Model output for the two forest types proved to be significantly different, making the results important to report.



A limitation of this study is the lack of paleoclimate forcing data in the DayCent simulations. Using paleoclimate forcing data would allow for the model scenarios to test the impact of climate, in addition to fire regime variability. However, because our fire events are completely prescribed, they are decoupled from climate in the model simulations. We cannot easily acquire the proper scale of paleoclimate data for these study locations, making these impacts beyond the capability of the current study. Rather than introduce the additional uncertainty of downscaled paleoclimate data (both temporal and spatial), we chose to use climate data that was more specific to each site (Daymet; nearest weather station). As fires are prescribed (not predicted based on climate or vegetation type), our study tested the impact of fire regime variability and fire occurrence variability on carbon and nitrogen dynamics. Paleoclimate data is at such a large timestep and coarse spatial resolutions that downscaling it to use in a daily-timestep model for individual study sites would mask any results that could be interpreted from it.



The biogeochemical model DayCent allowed for the exploration of how known past fire events affected forested watersheds in Colorado. However, DayCent is not currently coupled with a predictive fire, vegetation, or climate model. Because of this limitation of the model, DayCent cannot predict fire or vegetation changes that result from changing climate and disturbance regimes. The results here provide a benchmark for comparison in future research utilizing fully coupled ecosystem model that includes a dynamic vegetation component (e.g., DGVM ecosystem models) and a prognostic fire model (e.g., SPITFIRE [56]). Simulating Southern Rockies forests with a DGVM coupled with a climate and fire model will allow for predictions of C and N dynamics in forests with altered fire regimes under climate change.
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Figure 1. Soil carbon stocks over the simulation period for each watershed. Plots are ordered from low (a) to high (n) paleo-fire frequency (i.e., Beaver has the lowest fire frequency and Chickaree has the highest), as shown by the bar graph inset. The bar graph inset shows the number of paleo-record fires during the simulation length of each scenario for that study location. 
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Figure 2. Simulated total (all aboveground and belowground biomass and soil pools) C:N ratio over simulation length. The plots are ordered from low (a) to high (n) paleo-fire frequency (i.e., Beaver has the lowest fire frequency and Chickaree has the highest), as shown by the bar graph inset. The bar graph inset shows the number of paleo-record fires during the simulation length of each scenario for that study location. 
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Figure 3. Forest-type variation in final ecosystem carbon and C:N ratios by model scenario. (a) Forest-type final (end of simulation) ecosystem carbon by forest types, lodgepole pine (LP) and spruce-fir (SF). (b) Forest type final (end of simulation) C:N by lodgepole pine and spruce-fir forests. The error bars represent the standard error in each scenario-forest type combination. 
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Figure 4. Variation in total ecosystem carbon (Mg m−2), soil carbon (Mg m−2), total C:N ratios, and soil C:N ratios in by fire frequency (number of fires over the simulation period, FF), fire return interval standard deviation (FRISD), time since last fire (TSLF), and elevation (m, ELEV). Figure panels are labeled (a)–(p) to refer to panels in text. 
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Table 1. Study sites in the Southern Rocky Mountains. Sub-regions include Rocky Mountain National Park (RMNP) and Medicine Bow-Routt National Forest (MBR-NF).
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	Study Site
	Lat., Long.
	Sub-Region
	Forest Type
	Elevation (m)
	Mean FRI (yr) [SD]
	Simulation Length





	Eileen
	40.902, −106.674
	MBR-NF
	Spruce-fir
	3135
	220 [142]
	2197



	Seven
	40.896, −106.682
	MBR-NF
	Upper-treeline spruce-fir
	3276
	298 [238]
	2089



	Gold Creek
	40.782, −106.678
	MBR-NF
	Spruce-fir
	2917
	174 [107]
	1909



	Hidden
	40.771, −106.827
	MBR-NF
	Spruce-fir
	2704
	234 [169]
	2107



	Beaver
	40.753, −106.687
	MBR-NF
	Spruce-fir
	3161
	283 [266]
	1981



	Tiago
	40.579, −106.613
	MBR-NF
	Spruce-fir
	2700
	244 [165]
	2197



	Whale
	40.556, −106.675
	MBR-NF
	Spruce-fir
	3059
	240 [141]
	2161



	Summit
	40.545, −106.682
	MBR-NF
	Upper-treeline spruce-fir
	3149
	185 [117]
	2035



	Round
	40.473, −106.663
	MBR-NF
	Spruce-fir
	3071
	134 [79]
	2107



	Chickaree
	40.334, −105.840
	RMNP
	Lodgepole
	2796
	136 [87]
	2180



	Odessa
	40.330, −105.685
	RMNP
	Spruce-fir
	3051
	281 [218]
	2251



	Lonepine
	40.232, −105.730
	RMNP
	Spruce-fir
	3016
	302 [298]
	2416



	Thunder
	40.221, −105.647
	RMNP
	Spruce-fir
	3231
	315 [228]
	2206



	Sandbeach
	40.218, −105.601
	RMNP
	Lodgepole
	3140
	243 [152]
	2191










[image: Table] 





Table 2. Model scenario descriptions.
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	Scenario
	Description
	Climate





	Equilibrium
	Fire prescribed using the mean fire return interval (FRI) of the paleo-fire record
	Modern-recycled



	Paleo-fire
	Fire prescribed using site-specific paleo-fire record
	Modern-recycled



	High-fire
	Fire prescribed by doubling the site-specific paleo-fire record; e.g., fire-history is repeated twice in the 2000-year record
	Modern-recycled



	No-fire
	No disturbance/fire
	Modern-recycled
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Table 3. Correlation coefficients comparing paleo-fire scenarios in all the study sites. Relationships determined between total ecosystem carbon (TEC), soil carbon (Soil C), total C:N ratios, and soil C:N ratios in spruce-fir forests by fire frequency (number of fires over the simulation period), fire return interval standard deviation, time since last fire, and elevation (m). The bold values denote significant linear correlations.
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	FF
	FRISD
	TSLF
	ELEV





	TEC
	r2
	0.4043
	0.2671
	0.1696
	0.0101



	Soil C
	r2
	0.5293
	0.4259
	0.0128
	0.176



	Total C:N
	r2
	0.0182
	0.0033
	0.0704
	0.1822



	Soil C:N
	r2
	0.2835
	0.3278
	0.1489
	0.0779
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