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Abstract: (1) Background: Frequent fire, climate variability, and human activities collectively 
influence savanna ecosystems. The relative role of these three factors likely varies on interannual, 
decadal, and centennial timescales. Here, we tested if Euro-American activities uncoupled drought 
and fire frequencies relative to previous centuries in a temperate savanna site. (2) Methods: We 
combined records of fire frequency from tree ring fire scars and sediment charcoal abundance, and 
a record of fuel type based on charcoal particle morphometry to reconstruct centennial scale shifts 
in fire frequency and fuel sources in a savanna ecosystem. We also tested the climate influence on 
fire occurrence with an independently derived tree-ring reconstruction of drought. We 
contextualized these data with historical records of human activity. (3) Results: Tree fire scars 
revealed eight fire events from 1822–1924 CE, followed by localized suppression. Charcoal signals 
highlight 13 fire episodes from 1696–2001. Fire–climate coupling was not clearly evident both before 
and after Euro American settlement The dominant fuel source shifted from herbaceous to woody 
fuel during the early-mid 20th century. (4) Conclusions: Euro-American settlement and landscape 
fragmentation disrupted the pre-settlement fire regime (fire frequency and fuel sources). Our results 
highlight the potential for improved insight by synthesizing interpretation of multiple paleofire 
proxies, especially in fire regimes with mixed fuel sources. 

Keywords: Euro-American settlement; fire regime; fire scar; fire intensity; savanna; sedimentary 
charcoal; multi-proxy 

 

1. Introduction 

Fire and climate, together, are the main drivers of ecosystem structure and function over 
millennia [1,2]. Frequent fires are particularly important for grasslands, shrublands, and savannas, 
which represent 40% of terrestrial biomes [3]. Savannas are found at the climate-mediated interface 
between closed-canopy forests with multidecadal to centennial fire return intervals and grasslands 
with annual fire return intervals [4–6]. Subtle changes in fire frequency can lead to substantial 
changes in the structure and composition of vegetation communities with varying tree cover such as 
savannas [7], yet clarifying the relative and interactive roles of historical fire and climate variability 
in savanna dynamics has been difficult because of challenges in obtaining long records of fire activity 
through dendrochronology or charcoal particles preserved in sedimentary records [8,9]. 

The climate system affects ecosystem structure and function directly through variation in 
precipitation, temperature, soil moisture, and evaporation. Drought is a hydroclimate extreme that 
integrates these variables and constitutes a key type of disturbance affecting ecosystem dynamics and 
vegetation composition [10,11]. Drought variability modulates overall ecosystem productivity, 
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influences the occurrence of other disturbances such as fire, and affects tree and herb demographic 
factors such as mortality, regeneration, and recruitment. The consequences of past and future 
droughts for ecosystem function are not fully understood [12], leaving a large source of uncertainty 
in predicting the ecosystem impacts of future climate change. 

Drought can interact with fire regimes in two opposing ways [12,13]. In fuel-limited systems 
such as semi-arid grasslands, variations in soil moisture impact grass productivity [14], which in turn 
influences the spread of fires [15]. However, droughts can also increase the flammability of woody 
fuels and increase fire frequency or intensity [16]. Discerning these possibilities is important for 
accurate prediction of how terrestrial biomes will respond to future climate change, but requires long-
term records of fire occurrence, fuel sources and climate characteristics. In a savanna ecosystem 
where tree cover varies in both space and time, and, with it, the functional dynamics of the system, 
it is crucial to understand ecological responses to both drought and fire regime. One of the few studies 
to address long-term changes in grassland fire behavior, in an African savanna, demonstrated fuel 
limitation during dry conditions in the late Holocene [17] and a dominance of herbaceous fuel 
interpreted as low-severity understory fires.  

In addition to climate conditions, human activities must be considered when reconstructing 
long-term fire dynamics [18–21]. Much progress has been made on separating the effects of climatic 
and human drivers on fire activity at spatial scales ranging from the site (i.e., [18]) to the globe [22]. 
Euro-American settlement of North America has been demonstrated to both increase [23] and 
decrease [24] fire frequency in forests. In the north-central U.S., widespread settlement started in the 
1800s CE and involved conversion of native savanna and grassland habitat to agricultural 
production. Around the same time, shifting perspectives on the use of fire in land management 
caused a pronounced transition to widespread fire exclusion and suppression at landscape to 
regional scales (i.e., there have been relatively few and relatively small wildfire events in the past 100 
years). Little to no direct evidence of the timing and nature of this shift exists because of the anecdotal 
character of most written records [25] on the subject and the paucity of quantitative fire histories at 
the prairie–forest border and in temperate savanna ecosystems [26]. In addition to changes in fire 
frequency, humans may have caused changes to other aspects of fire regime such as a reduction in 
intensity or a change in seasonality of fire events [27]. In much of the upper Midwest, it is likely that 
both lightning-caused fire and burning by Native Americans played a large role in forest processes 
during the pre-Euro-American period [28]. In particular, strong evidence exists for human-
augmented fire frequency in certain coniferous forests found in the northern parts of the region 
[29,30]. The understanding of human influences on fire regimes in the more southern vegetation 
communities of the region remain relatively poorly understood due to a lack of relevant historic or 
paleoecological data [28,31]. 

Here, we reconstructed both tree-ring and charcoal-based records of fire history within the 
prairie–forest border in the upper Midwestern U.S. (Minnesota) to assess the feasibility of integrating 
proxies and to develop a unique perspective on changes in fuel sources and fire regime characteristics 
in this temperate savanna ecosystem over recent centuries. Modern perspectives of the land and 
vegetation communities suggest substantial changes have occurred in the structure, composition, and 
functional proprieties of the savanna ecosystem. Deciphering the relative roles of human impacts and 
climate on savanna ecosystem fire regimes is important to better frame potential responses of this 
ecosystem to future changes, and to manage this ecosystem accordingly. Our central inspiration for 
this work was twofold: (i) How can tree-ring and sediment proxies be integrated to provide a more 
complete understanding of past fire regimes than either could alone? (ii) How can a multi-proxy 
perspective help determine how humans and climate influenced the fire regime of a temperate 
savanna over recent centuries? Within these larger questions, we hypothesized that:  

(1) Drought was historically an important driver of fire in our study area. Because our study area 
was located within a landscape matrix of prairie and savanna, we expected that extended dry 
conditions would have led to a greater dominance of herbaceous plants, an increase in availability 
and dominance of fine fuels, and a higher frequency of lower intensity fire during in the early 
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Holocene. Further, we expected drought and fire frequencies to become uncoupled because of Euro-
American fire suppression.  

(2) Fuel source, on the other hand, could have changed between woody and herbaceous because 
both fuel sources are present in savanna ecosystems. We expected that fine fuels were most dominant 
prior to settlement, and that coarse fuels became more common following fire suppression reported 
in the 1930s and subsequent woody plant encroachment. 

(3) After Euro-American settlement, a reduction in fire frequencies is assumed to be due to fire 
suppression, until the onset of a prescribed burning program initiated in our study area in the 1960s 
which would increase fire frequencies in the immediate vicinity of our study area. 

2. Materials and Methods 

2.1. Site 

Cedar Creek Ecosystem Science Reserve (hereafter CCESR) is a 22 km² U.S. National Science 
Foundation-supported Long-Term Ecological Research (LTER) Site in east central Minnesota, U.S.A 
(Figure 1). CCESR lies between grassland and forested biomes in a savanna ecosystem. Current 
vegetation composition is a mosaic of prairie, oak, hardwood, and pine forests across the reserve. 
CCESR is located on the Anoka Sand Plain subsection of the Minnesota DNR Ecological Classification 
System, with flat to somewhat rolling terrain, a total relief of less than 10 m, and sandy soils derived 
from glacial outwash deposits [32].  

 
Figure 1. (A) Location of sedimentary charcoal records in the upper Midwestern U.S. No sites are in 
the savanna biome and none have examined mixed fuel sources characteristic of savanna fire regimes. 
Source: Global Charcoal Database. (B) Aerial photography of Cedar Creek Ecosystem Reserve, with 
the red pine area and Cedar Bog Lake indicated. Red dashed lines are public rods and yellow line is 
CCESR boundary. (C) Photograph from 1954 of the red pine stand [31]; the tree in the foreground was 
living at the time of our sampling and cored, while the fire-scarred tree to the right and in the 
background was dead and sampled with a chainsaw. (D) Age-depth model for the Cedar Bog Lake 
short core based on 210Pb and 14C dates (not shown). 

We chose CCESR as our study site because of (1) the unique opportunity to pair both tree-ring 
and sediment-based fire reconstructions at the same location, (2) its location in the prairie-forest 
border, the vegetation of which is sensitive to both drought and fire conditions, (3) a lack of 
information about pre-settlement fire regimes of this area (Figure 1), and (4) the excellent historical 
records of the timing and nature of Euro-American land use and fire management in the reserve. 

Our study sites within CCESR include Cedar Bog Lake, the lake sampled for the first ecosystem 
energy budget analysis performed to reveal food web functioning in ecological systems [33], and a 
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nearby stand of pre-settlement red pine (Pinus resinosa) within the same watershed. The lake lies 
within an extensive area of bog forest and is likely the remnant of a larger body of water [34,35]. It is 
now a 1.5 ha shallow lake (1 to 3 m water depth) surrounded by a floating bog with northern white 
cedar (Thuja occidentalis), tamarack (Larix laricina), and black spruce (Picea mariana). The bog is 
bordered by stands of northern pin oak (Quercus ellipsoidalis) with an open canopy or as a dominant 
associated with white oak (Quercus alba), bur oak (Quercus macrocarpa), northern red oak (Quercus 
rubra), paper birch (Betula papyrifera), eastern white pine (Pinus strobus), red pine (Pinus resinosa), and 
jack pine (Pinus banksiana). Two isolated knolls dominated by Thuja-Larix swamp lie to the south and 
west of Cedar Bog Lake and support stands of Q. rubra (Figure 1). The stand of red pine analyzed in 
this study is approximately 300 m from the lake (Figure 1). Non-plantation stands of red pine are 
relatively rare in central Minnesota, which is the southwestern margin of the species’ native range. 
The stand of red pine was relatively small, at about 2 ha in area, and included only a few scattered 
large, fire-scarred mature pines among a denser cohort of younger trees growing on a relatively 
gentle southwest-facing slope. 

An original and unpublished master’s thesis from Pierce [36] provided a wealth of information 
about land use history at the property, drawing on interpretation of past disturbance of historical 
aerial photos, soil and forest cover maps, and oral-history from interviews of nearby residents. Euro-
American settlement of this region began as early as 1856 CE on a very limited scale. By the last 
decade of the 1800s, settlement was widespread. At 1900 CE, the first recorded impact of intensive 
land use activities (timber harvesting and agricultural fields) was based on pollen assemblages 
(increase of Ambrosia and decrease of arboreal pollen) in Cedar Bog Lake by Cushing [35]. From this 
date and up to 1930, Euro-Americans routinely set fire to wetlands and marshes early in the spring 
to improve hay production [36]. Fire suppression was the dominant policy from the 1930s until 
widespread crop failure and land abandonment in the 1940s enabled the University of Minnesota to 
acquire the property in 1952. A large-scale and systematic prescribed fire experiment was established 
in the 1960s and expanded to more burn units in the 1980s and 1990s. Across this burn experiment, 
fire was reintroduced to overgrown oak savannas, overgrown oak woodlands, and abandoned farm 
fields across a range of fire frequencies (0.1–1.0 fires per year) [37,38]. 

2.2. Fire Scar Analysis 

A complete census of the red pine stand identified two large fire-scarred red pine trees within 
the stand. One of these trees was dead and sampled with a chainsaw (Figure 1), while multiple 
increment core samples were collected from the living fire-scarred tree to bracket fire dates. The 
uniqueness of these trees to CCESR is exemplified in that it was later realized that both trees were 
photographed by Pierce [31] as evidence of past surface fire activity at the reserve (Figure 1).  

To crossdate the fire scar specimens and evaluate stand age structure, increment cores were 
collected along two or more radii of 60 living red pines within the stand. All tree-ring samples were 
air dried and sanded to a high polish using progressively finer sandpaper until individual xylem cells 
were visible under 3.5–40× magnification. A master ring-width chronology was developed from the 
increment core samples through visual crossdating and used to assign absolute calendar dates to the 
growth rings of the fire-scar sample. Fire scars in the cross section were assigned calendar dates and, 
when possible, intra-ring positions to identify the seasonality of each fire [39].  

2.3. Sediment Core 

During May 2016 CE, we extracted a short (101-cm) sediment core and a longer sediment core 
(15-m) from Cedar Bog Lake, Minnesota (45.410262 °N, 93.199271 °W) to develop a new charcoal-
based reconstruction of fire history. The chronology for the sediment core was establishing using 
210Pb dating at the St. Croix Watershed Research Station and five 14C dates from plant macroremains 
(seeds, needles and leaves) extracted from the sedimentary samples. An age-depth model was 
established from the 14C dates and calibrated with Intcal09 calibration curve for the northern 
hemisphere [40] and the 210Pb dates with a locally weighted scatterplot smoothing (LOWESS) 
regression that is robust to outliers using the clam software package in R [41] (Figure 1). The transition 
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between the 210Pb and the 14C dates created an important change in the accumulation rate, thus we 
used 2-cm thick samples from the short core from 0 to 40 cm depth, and 1-cm thick samples from the 
first core of the longer core from 41 to 100 cm depth. This transition at 40 cm depth was chosen based 
on the overlap of charcoal concentration curves. This allowed us to (1) have the youngest part of the 
history from the short core, (2) avoid the first part of the longer core disturbed by extraction from the 
water, (3) maintain the same accumulation rate through time, and (4) reconstruct a more robust fire 
history. 

Charcoal particles preserved in the sediment were used to reconstruct the past fire regimes in 
this area, particularly changes in biomass burning and fuel source through time. One cm3 of sediment 
was extracted every 2-cm for the first 20 cm and every cm for the rest of the core to homogenize the 
resolution time among samples. The sediments were sieved through a 60 µm mesh and we quantified 
sedimentary charcoal particles over 60µm, which has been demonstrated to accurately reflect fuel 
sources in non-forested environments [42]. The width-to-length ratio (hereafter WL ratio) has been 
used to differentiate fuel sources, since grasses produce thinner and longer particles than woody 
vegetation [42,43], which is especially useful in the grass-savanna environment where low-intensity, 
high frequency fires are thought to have been common [44]. The width and length of each charcoal 
particle was measured using the image analysis software WinSeedle (Regular version 2016, Regent 
Inc. Instrument).  

Local fire episodes were inferred from the macrocharcoal record using the decomposition 
approach, which separates charcoal peaks (CHARpeak), indicative of local fire episodes, and charcoal 
background (CHARbackground) component, that is indicative for regional area burned , following the 
method described by Higuera et al. [45]. To decompose the CHAR series, we separated the 
CHARbackground and CHARpeak components by fitting the data with a LOWESS regression, and 
identifying outstanding events as those that surpass the locally defined threshold type. Although we 
cannot rule out the possibility of charcoal pieces larger than 60 µm being transported longer distances 
[46], empirical studies indicate that peaks of CHAR are indicative of fire occurrence within a distance 
of 1.0–5.0 km from the lakeshore in grassland areas [8,44]. Fire events were grouped when two fire 
events were reconstructed from two consecutive samples. The ages of the reconstructed local fire 
episodes were used to calculate the fire-return interval (FRI; years between two consecutive fires, yr 
fire-1) (Figure 2). 

2.4. Paleoclimate Data 

To evaluate the relationships between the paleofire proxy records and climate, we extracted a 
timeseries from the North American Drought Atlas (NADA) [32] gridpoint nearest CCESR. This tree-
ring-based drought reconstruction provides a precisely dated and annually resolved record of the 
Palmer Drought Severity Index for the June–August season. In this region, NADA data are tightly 
coupled and positively correlated with midsummer precipitation [47]. It is worth noting that while 
calibration and verification results indicate a skillful reconstruction, very few moisture sensitive tree-
ring chronologies are currently available for Minnesota, and the NADA gridpoint 45.25ºN, −93.25ºE 
analyzed herein draws heavily on tree-ring data from across a 500–1500 km radius from the CCESR 
site (Figure 2). No CCESR data were included in the calculation of the NADA, so this is an 
independent paleoclimate record. 

2.5. Statistical Tests 

Fuel limitation was assessed following methods of Nelson et al. [17] that tested statistical 
correlations between regional moisture availability and charcoal abundance per unit of time with a 
Spearman correlation rank sum test (anticorrelation is producing negative rho values, correlation 
positive rho values and the absence of trends in the correlation is producing null value) and a test of 
significance with a p-value. Correlation between regional moisture and the charcoal WL ratio were 
used to assess the fuel type response to climatic conditions with a Spearman correlation rank sum 
test (function cor.test()) on R software version 3.4.3 (R Foundation for Statistical Computing, Vienna, 
Austria. URL https://www.R-project.org/)[48].  
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A change point analysis was performed on the mean and variance of the charcoal abundance 
over time using function cpt.meanvar() of the package changepoint of R software. This function is 
used to find changes in mean and variance for data using an exact multiple changepoints (Segment 
Neighbourhoods) method. To confirm that the change points revealed were not biased by the change 
of accumulation rate, or the age-depth model, a change point analysis was done on 100 random 
resamplings of charcoal influx paired on the same time period and resolution, following the method 
of W. Finsinger (available online on github.com/wfinsinger; last access 11 April 2019).  

Superposed epoch analyses (SEA) were performed for retained fire events on the annually 
resolved regional moisture index (PDSI, [49]). For the tree scar-derived fire events, the SEA spans the 
period 1810–1935 CE, corresponding to the length from the oldest to the youngest tree scars (Figure 
3). For the charcoal-derived fire episodes, SEA was performed on three different time periods. First, 
we considered all fire events from 1550 to 2016 CE, which corresponded to the sediment core length 
of record; second the period 1550 to 1900 CE, which corresponded to the pre-settlement period with 
herbaceous fuel as the main fuel source (as derived from the WL results described below); and third 
the period 1900 to 2006 CE, which corresponded to the post-settlement period and the woody fuel as 
the main fuel source (as derived from the WL results). To account for the fire dates uncertainties of 
the charcoal-derived fire event reconstruction, the output results of the SEA were discussed 
regarding the 10-year mean, maximum and minimum values [50], which represents the extend of the 
maximum date uncertainties. 

3. Results and Discussion 

3.1. Tree-ring Evidence of Fire History and Climate Impact 

Fire history data, based on the one cross section collected from the dead red pine and increment 
core samples from the living tree, were extremely sparse but collectively represent a census of fire-
scarred trees within the site. The cross section spanned 1809 to 2010 CE and included eight crossdated 
fire dates (1822, 1842, 1849, 1860, 1879, 1882, 1909, 1924 CE) (Figure 2). Increment core samples from 
the living tree in the Pierce [31] photograph dated from 1839–2015 CE, contained three crossdated 
fire scar events also recorded in the cross section (1860, 1882, and 1924), and suggested several other 
scars that were not represented in the core samples. These samples were dated against a 206-year 
ring-width chronology based on measurements of 114 increment core samples from 51 living trees, 
including the living tree sampled for fire scars. The innermost ring for most of these cores ranged 
from 1898–1927 CE, with a subset of all cores that intersected pith or were estimated to be within five 
years dating to 1898–1916 CE. These age data suggest that the living tree population is largely an 
even aged cohort that recruited within the 27-year fire-free window from 1882–1909 CE and may be, 
in part, a result of human-caused fire suppression. The occurrence of fire scarring and a lack of other 
stumps in the stand make it unlikely that this stand had been logged, and no red pine clearcutting 
activities were reported for the area, though there are reports of widespread timber harvesting of 
white pine in the region [36]. 

The distribution of intervals between tree-ring recorded fire episodes provided a median of 15 
years for the active burning period (1822–1924 CE). All fire scars recorded on the cross section 
occurred in the early growing season, indicating late spring or early summer fire timing. These data 
also strongly suggest that fire severity was low because the same trees survived at least eight fires, 
suggesting relatively low-temperature surface fires characteristic of open, pre-Euro-American pine 
forests. The stand-scale fire frequency identified at CCESR was comparable to the results of other 
crossdated fire histories in red pine stands conducted in the region [29,51,52], though it should be 
noted that with fire dates derived from only two trees this is the minimum estimate of fire activity 
and other fires may have burned through the stand but gone unrecorded in the tree-ring record. 
CCESR shared a number of fire dates in common with the nearest published records, including 1909, 
1879, and 1849 CE, though none of these years are shared by more than two sites and few would be 
considered widespread fire years. Although the tree-ring fire history information is primarily based 
on only a single sample, the collective evidence from these data indicate an open forest maintained 
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by relatively frequent fire events and tell the exceedingly rare but vital story of fire activity at the 
prairie-forest border of central North America [52]. 

 
Figure 2. Fire history reconstructions. (A) Macrophotograph of growth rings from approximately 
1852–2010 with fire scar events labeled. Each fire event occurred in the earlywood portion of the 
annual growth ring, suggesting late spring or early summer fires. (B) Box and whiskers plot illustrates 
distribution of intervals between tree-ring recorded fire episodes, with a median of 15 years for the 
active burning period (1822–1924 CE). Note that the recent 87-year hiatus in fire in the red pine stand 
(1925–2010 CE) is not included in this plot. (C) North American Drought Atlas tree-ring reconstructed 
Palmer Drought Severity Index (NADA PDSI) for southeastern Minnesota (NADA Gridpoint 45.25ºN, 
−93.25ºE), with a time series of fire events (diamonds) recorded by a by the tree illustrated above. (D) 
WL ratio of each particle summarized by boxplot per sample. (E) Charcoal influx (# particles cm-2 yr-



Fire 2019, 2, 51 8 of 15 

 

1) with a smooth spline LOWESS robust to outliers to identified significant peaks (above the 95% 
confidence interval about the spline) from the background. Significant peaks are noted with red 
intervals accounting for the date uncertainties. For fire episodes identified in two consecutive 
samples, only one fire episode was retained (not retained fire episodes are grey crosses). (F) Fire return 
interval calculated as the number of years between two fires, derived from the fire event dates for the 
two methods. 

Summer drought conditions over the past 150 years —as reconstructed for the North American 
Drought Atlas NADA [49,53]—showed consistent relationship with tree-scar fire events on the third 
year preceding the fire (Figure 3). Despite the significant results identified, several considerations are 
relevant for interpreting these results. First, a mechanistic link between drier conditions three years 
prior to fire events in a savanna system that, based on charcoal analysis, were primarily driven by 
fine fuels that can dry and burn over relatively short periods, is lacking. Second, with only two fire-
scarred specimens it is likely that our record is not completely representative of the local fire history 
as light surface fires could have gone unrecorded or burned in a spatially patchy structure. Another 
strong possibility is that most fire events occurred in the months before or early in the growing season 
(i.e., April, May, June). The summer Palmer Drought Severity Index reconstructed by the NADA that 
corresponds to mid-summer precipitation in this region [47] and may therefore not capture the 
climate window relevant to the timing of the fire events we documented. Additionally, it is possible 
that the system in which these pine trees grew was dominated by fine fuels such as prairie grasses. 
Thus, short-term dry spells that occurred at temporal scales of days or weeks, a scale not captured by 
tree-ring reconstructions of drought, could have enabled fires to have burned at the site, especially 
given the broad and distant geographic area used to derive the reconstruction for this gridpoint that 
may not capture local drought conditions. Finally, boot-strapped confidence intervals cannot entirely 
overcome the sample depth of only eight fire events included in the SEA and these fire dates may 
simply not fully represent the fire-climate relationships of the prairie-forest border. These 
considerations could be addressed through additional sampling, but no other fire-scarred pre-
settlement trees have been found within CCESR, and so our interpretations of interannual fire-climate 
relationships must therefore be cautious. Another potential explanation, however, is that climate was 
not an important driver of fire activity at the scale of this single stand, and that abundant human 
ignitions could have masked a discernable relationship between seasonal climate variability and fire 
[22].  

 
Figure 3. Fire–climate relationships. Superposed Epoch Analysis of moisture conditions derived from 
NADA PDSI for gridpoint 45.25ºN, −93.25ºE (Cook et al. 2008, data available on ncdc.noaa.gov), with 
tree-ring-based fire events. The analysis was performed for the moisture condition 10 years before 
and after the fire events and bootstrapped 1000 times to calculate the confidence intervals at 95% 
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(dashed lines) and 99% (dotted lines). All fire events correspond to the 8 fire events identified from 
the tree scars (1822, 1842, 1849, 1860, 1879, 1882, 1909, 1924 CE). 

The fire history as reconstructed with fire scars provided insight to our hypotheses. First, the 
lack of significant relationship between fire and drought conditions indicates that conditions 
conducive to burning did not require drought in this system and may have been linked with sufficient 
fuel production but not overly wet conditions. Furthermore, in contrast to many other fuel-limited 
systems where prior year moisture was required to develop fuels that led to fire events, at the scale 
of this one site it seems that the relatively mesic conditions found at the prairie-forest border are 
sufficient for fuel production in most years. Second, while the dendrochronological record does not 
provide direct evidence of fuel source, we infer that at least fine fuels must have been an important 
fuel type given the high frequency and low intensity of the fires that scarred the sampled red pine 
trees. Third, there was strong evidence of fire suppression after Euro-American settlement, but the 
beginning of prescribed burning in the 1960s was not seen in the fire scar record. This makes sense, 
given that this stand was not included in the controlled burn experiment area within CCESR.  

3.2. Perspectives from Fire History in Sedimentary Charcoal 

The charcoal-based fire history depicts 13 fire episodes from the charcoal signal, corresponding 
to the median years 1696, 1807, 1857, 1879, 1889, 1894, 1899, 1922, 1936, 1955, 1962, 1980, and 2001 CE 
plus or minus date uncertainties (Figure 2). Given the dating uncertainty, the fires recorded from 
charcoal influx in 1807 and 1857 CE are encompassing fire episodes from 1789 to 1864 CE, thus 
corresponding to the fires from tree scars at 1822, 1842, and 1849 CE (Figure 2). This is the same for 
the fire episode reconstructed from charcoal influx in 1879 CE, encompassing fires from tree scars in 
1879 and 1882 CE. Finally, the fire episode at 1922 CE from charcoal falls within the window of dating 
uncertainty around the 1924 CE from tree scars. The only fire scar not identified from the charcoal 
influx is in 1909 CE possibly due to a very local fire event, such as the spring burning that was 
commonly applied to wetlands to improve hay yields during the last decades of the 19th century and 
the first decades of the 20th century [31]. Compared to the tree-ring fire dates, the charcoal-derived 
fire episodes are more integrative of different fire types in the area (low and high fire severity) and 
record fire events over a longer time scale and a larger area. However, the charcoal-derived fire 
history is less precise in the specific date of the events reconstructed, interpreted as episodes of fire 
given the time window encompassed in the 1- or 2cm thickness of sediments (1 to 5 years) and the 
inherent uncertainties in the sediment chronology (5 to 15 years). Both records are thus 
complementary, and allow an improved and more holistic interpretation of savanna fire regimes in 
this otherwise data-poor area. 

Putting the fire history into a millennial perspective allows us to further test all three of our 
hypotheses. In the sedimentary record, the change point analysis reveals three distinct periods in the 
charcoal abundance dynamics: from 1550 to 1813 CE, from 1818 to 2001 CE, and from 2004 to 2016 
CE. The size of charcoal particles we measured (60 µm) has been demonstrated to represent 
differences in both low-intensity fires with predominantly grassy or herbaceous fuels, and higher-
intensity fires with woody fuels [44]. The number of charcoal particles was relatively low and 
constant from the start of the record until the early 1800s, then increased around 1820 CE, and 
displayed the largest values from 1920 to 1980 CE (Figure 2). Changes in charcoal abundance 
therefore coincide with distinct cultural changes at CCESR, including the beginning of the Euro-
American settlement in the 1800s and the establishment of a prescribed fire program at CCESR in 
1960 CE. Increased charcoal particles have been demonstrated to be related to an increase in the 
biomass burned and the area burned within 5 km around a site within a non-forested landscape [42, 
44], suggesting that the amount of biomass being burned at CCESR over the past two centuries, and 
particularly since the onset of the prescribed fire program, is unprecedented on millennial time scales.  

Calculation of the mean fire return interval (MFI) showed more frequent fires from 1900 to 2000 
CE (MFI = 17 ± 6 years) than any other period over the past five centuries (MFI prior to 1900 = 34 ± 41 
years) (Figure 2). The increase in biomass burning at 1900 CE aligns with significant increases in the 



Fire 2019, 2, 51 10 of 15 

 

mean and quartile distributions of the WL ratio of the charcoal particles, indicating that fuel sources 
shifted from primarily herbaceous to primarily woody fuel sources [42]. This shift in fire regime 
occurred at the same time as the earliest recorded impacts of European settlement on regional 
vegetation assemblages [35] and includes the establishment of the controlled burn experiment, which 
began in 1964. One of the primary inspirations of the prescribed fire program was to reduce 
encroachment of woody plants into previously open prairie and oak opening habitats [54]. Re-
introduction of fire appears to have increased the combustion of woody fuels as the savanna system 
is readjusting to increased frequency of fires, yet after nearly 60 years of burning the charcoal record 
indicates what is still a historically unique fire environment at CCESR. Together, the significant 
changes in charcoal abundance and W:L ratios over recent centuries, given what is at understood 
about changes in the vegetation and fire regime of the study area, suggests that the fire regime and 
fuel types burning prior to Euro-American settlement were extremely stable despite the study area 
being situated within an ecological transition zone. Collectively, this indicates a fundamental change 
that not just the abundance and shape of charcoal is unprecedented over the past 200 years, but so 
too is the variability of the system. 

It is difficult to directly compare the relationships between fire events and moisture conditions 
with the charcoal-based fire history due to the supra-annual temporal resolution of the sediment 
record. However, we were able to test the degree of fuel limitation and we observed no significant 
correlation between moisture availability (PDSI from [49]) and charcoal abundance over time for the 
entire period recorded by the sedimentary charcoal, as well as for the pre- and post-settlement 
periods (Table 1). A similar lack of relationships was observed for the comparison between the 
moisture index and the WL ratio (Table 1), suggesting no significant correlations between the summer 
drought index and the type of fuel or the biomass burned at our study area. The summer drought 
index is possibly not the best predictor climate variable determining biomass burned, or the type of 
fuel, notably because the post-settlement part of the record is sensitive to human impacts, and fire 
policies applied in the study area. On the other hand, the lack of significant relationship between 
summer drought and fire occurrence at this site could reflect the mesic conditions of this region 
relative to other fuel-limited systems. The rapid encroachment of woody plants into formerly open 
prairies and savannas clearly illustrates that this region is conducive to supporting extensive tracts 
of closed canopy forest and that disturbance, likely fire, was fundamentally important in creating the 
vegetation patterns encountered by Euro-American settlers. Indeed, the transition from prairie to big 
woods vegetation communities that occurred over a few centuries shows the sensitivity of the 
vegetation in this region to subtle changes in environmental conditions [55,56]. Droughts severe 
enough to reduce fuels sufficiently to exclude fire may be rare events, while short periods of weather 
conducive to spring and fall burning undoubtedly occur much more frequently. The combined effects 
of these dynamics do not necessarily indicate climate is an unimportant driver of fire activity here, 
but that multiple factors may reduce the relative importance of climate at a local scale. Additional 
high-resolution charcoal records across the prairie-forest border could utilize scale to better identify 
the role of climate in the fire regimes of this region. 

The Superposed Epoch Analysis (SEA, Table 1) on fire episodes derived from charcoal 
abundance in response to pre- and post-settlement climatic conditions allows a slightly different test 
of our first hypothesis about the relationship between fire events and drought conditions. The results 
of the SEA are described considering the average climatic conditions in the ten years before and after 
fire episodes of the three distinct periods. In the SEA analysis, the fire events present no significant 
relationship with moisture conditions (Table 1). however, the mean fire return interval of 17 years 
could indicate the importance of generally dry conditions conducive to fire ignition and spread [17]. 
As described above, the region represented in the climate reconstruction (NADA) covers a larger area 
than our study area. The fuel type in the pre-settlement period is dominated by herbs, likely 
indicating a mix of fires burning through open grasslands or spreading in the understory of a savanna 
landscape with scattered trees and abundant fine fuels [8]. The second scenario seems to be the most 
accurate given the pollen reconstruction from Cushing (1963) suggesting an oak-savanna ecosystem 
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with a relatively low amount of pines and because that matches the dendrochronological evidence 
that pre-settlement fires were relatively low intensity and left the red pine trees alive.  

Overall, the sedimentary fire record provides some, but not complete, support of our three 
hypotheses. First, it appears that drought and fire episodes were uncoupled. However, in contrast to 
our expectations, the interplay of wet and dry conditions may have had important roles in the overall 
fire prone conditions leading to recurrent fires over the past 300 years. Second, the fuel source 
reconstructions throughout the century-scale sedimentary record do indicate a large shift toward 
more woody fuels in the late 19th century, which reflects the change of fire regime (intensity, fuel type, 
and biomass burned) possibly due to nearby homestead settlement activities and fire policies 
associated with Euro-American settlement. Third, the sedimentary charcoal record did not indicate 
fire suppression or a reduction in fire frequencies after Euro-American settlement, but rather showed 
an increase in charcoal production and biomass burning throughout the 1900s with a marked increase 
in the mid-1900s coincident with the establishment of the controlled burn experiment at CCESR. This 
is important, given that most of the modern landscape around CCESR is used in agricultural 
production and the presence of fire as an ecological process is negligible. Clearly, the charcoal record 
in Cedar Bog Lake is dominated by relatively local fire activity. 

Table 1. Correlations between fire event years and moisture conditions at Cedar Creek. Spearman 
rank sum test correlations between charcoal count and WL ratio and PDSI values from the analyzed 
NADA gridpoint. Superposed Epoch Analysis (SEA) of PDSI values 10 year prior and after fire events 
reconstructed from charcoal peaks or tree scars. Three periods have been considered: (1) the entire 
charcoal or tree scars time extend, (2) pre-settlement period as defined by the period before 1900 AD, 
and (3) post-settlement period as defined by the period after 1900 AD. 

Spearman correlations 

X Y Period rho p 

Charcoal count PDSI 
1548–2004 0.18 0.1 
1548–1900 0.07 0.7 
1900–2004 0.07 0.6 

Charcoal WL ratio PDSI 
1548–2004 0.06 0.6 
1548–1900 −0.09 0.5 
1900–2004 −0.01 0.9 

Superposed Epoch  
Analysis 

Events Period mean 95 CI 99 CI 

Charcoal-derived fires 
1548–2004 0.05 −0.54 <.> 0.55 −0.72 <.> 0.71 
1548–1900 −0.13 −0.73 <.> 0.73 −0.97 <.> 0.95 
1900–2004 0.28 −0.78 <.> 0.79 −1.04 <.> 1.03 

Tree scar-derived fires 1822–1924 −0.16 −0.69 <.> 0.69 −0.90 <.> 0.91 

3.3. Synthesis of Fire History, Human Activities, and Climate Impact 

The integration of fire scar and charcoal records illustrate fundamental drivers, long-term 
patterns, and profound changes in the fire regime of our study area. The general lack of summer 
drought, as represented in the NADA, as a driver of fire indicates a more subtle and variable role of 
climate in driving interannual variability in fire activity for the temperate savanna ecosystem of 
Minnesota. This is an important contribution to a longstanding debate on what factors led to 
vegetation changes in the region, such as the rise of the Big Woods vegetation type in the 1300–1400 
CE [57,58]. This result also aligns with recent work documenting “hybrid” fire systems that represent 
a mixture of fuel- and climate-limited fire regimes [59]. The influence of people on the fire regime 
and vegetation of this region, has clearly been important. The specific role of Native American 
activities on fires in this region is difficult to determine from our records, especially when the tree-
ring data only pre-date Euro-American settlement by a few decades, but the dramatic increase in 
sedimentary charcoal influx in the early 1800s aligns with a time of cultural transition with the first 
settlement of Euro-Americans in the region (1856 CE in the region according to Pierce [36]), and also 
possibly reflecting the activities and interactions of the Anishinaabe and Lakota people who occupied 
this area prior to European arrival [60], and who were noted by Pierce to have fought a battle near 
CCESR in 1857 CE.  
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What is clear, however, is that surface fires dominated this system prior to Euro-American 
settlement, as illustrated on a site-scale by the fire scar and corroborated at the landscape scale by the 
charcoal record, and that the cessation of surface fires did occur over much of the study area in the 
early 1900s when intensive Euro-American land use activities were first recorded (timber harvesting 
and agricultural fields). Pollen records from previous research at Cedar Bog Lake indicated a 
significant increase in Ambrosia and decrease of arboreal pollen around 1900 CE [35], and coincides 
with Euro-American practices of routinely setting surface fires to wetlands and marshes early in the 
spring to improve the haying conditions, up to 1930 [36]. This date matches the onset of change in 
fuel types in the charcoal records from herbaceous to woody fuel sources. In addition, the tree-based 
fire history revealed no change of the fire season (late spring–early summer) between the first settler 
activities and the management of the LTER starting in the 1900s. However, further investigations are 
needed to determine if a change of fire season appeared between Native American and Euro-
American practices, as it has been demonstrated in the Great Plains with a shift from the summer to 
the spring fire season, causing a decrease of vegetation diversity [27]. 

There is no period in the sedimentary record that demonstrates a 20th century reduction of fire 
activity, or fire suppression, as seen in the red pine fire scar record from 1925 CE to present. However, 
starting around 1990 CE, there is a decrease of the charcoal abundance in the sediment, with the last 
fire event reconstructed in 2001 CE (from 60 pieces per year to about 10 pieces of charcoal per year). 
Moreover, there is a dramatic change in fuel type around 1900 CE. In savanna systems where mixed 
fuels are common, the role of shifting fire intensity as well as shifting land cover could plausibly lead 
to this result on decadal to centurial timescales. We conclude that the charcoal WL ratio is providing 
a different source of information about fire activity in this region than the fire scars, and the number 
of charcoal particles. 

4. Conclusion 

The charcoal and tree-ring records we report here provide an opportunity to examine the 
different records produced as a result of the spatial and temporal scale of fire signals recorded by 
these proxies. The charcoal record is clearly recording landscape-scale production of charcoal from 
fires of all types, while the tree-ring data document highly localized, low intensity surface fires in 
more forested areas. This emphasizes the complementary nature of these two proxies for both better 
understanding past patterns of fire activity, and the uncertainty therein. There are several 
consistencies between the records, however, particularly the decrease of the area burned (decrease of 
the charcoal abundance per time unit [42]) and the decrease of the fire activity recorded from the 
scars in the 21th century. Despite 60 years of prescribed fire experiments at CCESR the current fire 
environment is unique relative to the past 500 years. While further data from additional sites in the 
region would help strengthen this evidence, this multiproxy approach demonstrates the nature of 
Euro-American fire regime changes in the prairie–forest border of central North America for this time 
period to our knowledge. 
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