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a b s t r a c t

Sediment cores from the San Bernardino Ciénega near Douglas, Arizona and Agua Prieta, Sonora, Mexico
were examined to reconstruct the fire history of this region and inform restoration efforts. A w8000 year
vegetation and fire history record was reconstructed from these sediments using fossil pollen and
charcoal. Results from the fire reconstruction show an increase in fire activity coincident with the onset
of ENSO, and an increase in fire frequency during the Medieval Climate Anomaly. Preliminary pollen data
show taxa that reflect winter-dominated precipitation (Ephedra and Artemisia) correspond to times of
greater fire activity. These fire data shed light on the long-term history of fire in desert environments that
may be helpful in understanding what fire regimes may be expected with global warming and also how
to best incorporate fire into management plans.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the southwestern United States the role of fire in the ecology
and maintenance of many natural systems, such as the California
chaparral and ponderosa pine (Pinus ponderosa) ecosystems, is
well known (see Friederici, 2003; Keeley and Fotheringham, 2001;
Keeley, 2002). Fire is a significant disturbance agent and defining
process in maintaining the structure and function of these envi-
ronments. Fire frequencies across the Southwest can be quite
variable; California chaparral has a range of mean fire return
intervals between w10 and 30 years (Keeley and Fotheringham,
2001), while ponderosa pine ecosystems experience a mean fire
return interval of between w2 and 6 years (Savage and Swetnam,
1990). Much less is known about what the frequency and role of
fire has been in other southwestern environments, such as
grasslands and desert scrub. Some argue that fires are uncommon
in desert ecosystems (Brown and Minnich, 1986; Felger et al.,
2007; Mack et al., 1996; Wright, 1980), while others suggest that
prior to the arrival of Euro-Americans fires were frequent and
played a significant role in the maintenance of desert systems
(Davis et al., 2002; McPherson, 1995; Turner et al., 2003). This
disagreement largely stems from limitations in historical obser-
vations and lack of fire history data for the prehistoric period from
. Brunelle).
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these ecosystems. Understanding the role of fire in maintaining
desert vegetation is important given that fire is increasingly being
used as a management tool in these environments (e.g.,
Schussman and Gori, 2004).

Dendrochronology is often the analytical standard for fire
history data; however in desert grasslands available trees do not
typically yield fire history information. Lakes are also well-
known sources for paleoecological information including vege-
tation and fire history. Lakes are rare in desert environments, but
desert ciénega (wetland) sediments can provide information
about pre-European vegetation and fire history. For example,
Davis et al. (2002) used <2000 year old microscopic charcoal to
show that fire decreased in the Sonoran Desert ca. 200 years ago
with the displacement of native agriculture by Euro-American
settlement.

To understand the role of fire in southwestern deserts, and the
relationship between climate and fire in these systems, longer
term records of fire and vegetation are needed. Climate condi-
tions and controls since the last glacial maximum (ca.
21,000 cal yr BP) have changed dramatically. Variations in inso-
lation, position of the westerlies, strength of the North American
Monsoon (NAM), and occurrence of the El Nino-Southern Oscil-
lation (ENSO) have all affected temperature and precipitation
regimes in the southwestern United States/northern Mexico
(hereafter borderlands) region (Bartlein et al., 1998; COHMAP,
1988; Thompson et al., 1993) and likely had impacts on the
occurrence of fire.
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In this study we examine a w8000 year local fire record from the
San Bernardino Ciénega (SBC) to address the following questions:

� What was the prehistoric return interval of fire in lower elevation
desert grassland communities?
� What is the relationship between fire and climate in the

borderlands over time?
� How do changes in the seasonality of precipitation affect desert

fire regimes as evident in sedimentary records?

1.1. Site description

San Bernardino Ciénega (31.3�N; 109.3�W, 1160 m asl) is located
in the drainage of Black Draw Wash/Rio de San Bernardino (RSB) of
southeastern Arizona, USA and northeastern Sonora, MX (Fig.1) near
the ecotone of Chihuahuan and Sonoran grassland and desert scrub.
Average annual precipitation is 355 mm, mostly received from the
summer monsoon in July–September, with a smaller secondary
peak in precipitation in the winter (WRCC) (Fig. 2). Average annual
temperature is 17 �C, with summer maximum temperatures
exceeding 35 �C. Currently the ciénega surface is dry except for a few
artificial impoundments and small perennial springs.

The dry ciénega surface is currently dominated by annual herba-
ceous taxa including Salsola iberica (Russian thistle), Amaranthus
palmeri (carelessweed), Ambrosia confertiflora (burr ragweed), and
Portulaca sp. (purslane). Wetted and active portions of the ciénega are
dominated by Cyperus sp. (flat sedges), Carex sp. (sedges), Aster sp.
(sunflowers), Anemopsis californica (yerba mansa), Mimulus guttatus
(seep monkey flower), and Nasturtium officinale (watercress) (Marrs-
Fig. 1. Map of the
Smith,1983). The riparian area near the incised channel on the margin
of the ciénega is a mixed stand of Populus fremontii (Fremont
cottonwood) and Salix gooddingii (black willow), with dense Prosopis
glandulosa (honey mesquite) thickets on the upper banks of incised
channel and uplands. Vegetation away from the ciénega surface is
dominated by shrubs such as Larrea divaricata (creosotebush), Pro-
sopis, Acacia, and grasses such as Hilaria mutica (tobosa) and Bouteloua
barbata (Sonoran grama) (Marrs-Smith, 1983).
2. Methods

2.1. Field

Sediments were collected during the summers of 2004 and 2005
from the incised channel wall of the Rio de San Bernardino arroyo
(RSBA), and the ciénega surface of the San Bernardino National
Wildlife Refuge (SBNWR). The RSBA samples were described and
collected contiguously from a freshly exposed sediment face with
a trowel at 5-cm intervals from 3.8 to 1.75 m and 2-cm intervals from
1.1 m to the present-day surface. From 1.75 to 1.1 the samples were
collected at intervals according to the thickness of the layer, ranging
from 4 to 11 cm. Thin sand layers between 1.4 and 1.75 m which
represent a period of time when fluvial activity affected the ciénega
surface were not analyzed. A 15-m long core was obtained from the
SBNWR using a truck mounted 500 (12.7 mm) hollow barrel auger.
After collection, sediments were wrapped in plastic and aluminum
foil or placed in sterile bags and transported to the University of Utah
RED (Records of Environment and Disturbance) Lab. The core was
described and cut into contiguous 1 cm sections for analysis. All
samples are stored at w1.5 �C.
study area.
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Fig. 2. Precipitation data from Douglas, AZ.
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2.2. Dating

Chronology was based on radiocarbon 14C age determinations
(Table 1). Dates were converted to calendar years before present
(cal yr BP) using CALIB 5.0.2 (Reimer et al., 2004).

2.3. Fire history

Volumetric samples were taken from the RSBA and SBNWR
sediments for charcoal analysis to reconstruct fire history. Sample
volumes ranged from 1 to 10 cc based on the amount of charcoal
found at various depths throughout the sections. Sample volume
was adjusted to maintain a significant number of charcoal particles,
but to reduce excessive counts (>1000 particles). Methods and
rationale follow Clark (1988), Whitlock and Millspaugh (1996) and
Gardner and Whitlock (2001). While taphonomic studies of large
particle deposition on fluvial wetland surfaces have not been
conducted, isotopic analysis of ciénega sediments indicates pooling
and stagnation of surface waters (Minckley et al., 2009), suggesting
sedimentation of charcoal fragments may be similar to those of lake
and bog surfaces.

Analytical methods follow Long et al. (1998) and Mohr et al.
(2000). The w8000 year profile was divided into three time
periods for the SBC analysis. RSBA sediments were analyzed for 2
time periods, 740–1440 cal yr BP and 2546–4400 cal yr BP. The
intervening sediments were not analyzed due to changes in
depositional environment. The SBNWR sediments were analyzed
for their entire profile (4065–8082 cal yr BP). The bin for the RSBA
sediments was 5 years since this represented the most highly
resolved sediments for that section, while the bin for SBNWR was
Table 1
Radiocarbon dates from ciénega sediments.

Site Depth Beta
number

14C yr Cal yr BP
(CALIB 5.0.2)

Rio San Bernardino
arroyo (RSBA)

42 cm Beta-204829 830� 40 676–797
110 cm Beta-204374 1200� 40 1051–1189
160 cm UGAMS-01615 1700� 45 1521–1715
180 cm Beta-204828 2470� 40 2428–2623
380 cm Beta-203022 3900� 40 4229–4428

San Bernardino National
Wildlife Refuge core
(SBNWR)

347 cm Beta-207161 3740� 40 3979–4182
554 cm Beta-207162 3920� 40 4238–4442
582 cm UGAMS-01599 4075� 42 4435–4653
668 cm Beta-207163 6190� 50 6956–7180
1 year due to the modeled annual resolution for the youngest part
of that core.

2.4. Vegetation

Standard pollen processing and counting methods were utilized
to reconstruct the dominance of winter vs. summer taxa (Faegri
et al., 1989). Influx (grains/cm2/year) was calculated to remove
covariance of pollen abundance associated with percentage changes
by other taxa within a pollen sum. Taxa were assigned to summer
precipitation or winter-precipitation groups using published studies
(Hevly, 1964; Martin, 1963; Mehringer, 1965; Webb and Hasbargen,
1997) and climate space evaluations for key taxa based onThompson
et al. (1999) and Williams et al. (2006). Webb and Hasbargen (1997)
followed the assignment of Ephedra (Mormon tea) and Artemisia
(sagebrush) to a winter-precipitation regime as established by
Martin (1963) and Mehringer (1965), respectively. Taxa from the
Asteraceae (sunflower family), Chenopodiaceae/Amaranthaceae
(goosefoot/amaranth families) (Hevly, 1964) and Poaceae (grass)
families (Mehringer, 1965) were assigned to summer dominated
precipitation regimes. L. divaricata (creosote) and Acacia greggii (cat
claw) were assigned to a summer dominated precipitation regime
based on the relationships between January and July precipitation
from Thompson et al. (1999).

The ratio of winter to summer taxa was calculated based on the
above classifications. Winter influx sums were divided by summer
influx sums so that increases in winter taxa could be easily iden-
tified. It should be noted that there are only two winter-precipi-
tation taxa (Ephedra and Artemisia) included in our analysis, so
while positive values (Fig. 3, far right panel) indicate increases in
those genera, zero values indicate the absence of those two pollen
types, not necessarily the absence of winter taxa.

3. Results

The fire history record is divided into five SBC zones or time
periods based on changes in fire regime and abundance of taxa that
indicate winter precipitation.

3.1. Zone SBC5: w8100–5300 cal yr BP

Fire history is reconstructed based on samples with modeled
annual resolution. Prior to 5300 cal yr BP, CHAR (particles/cm2/yr)
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are low, with values less than 0.1 particles/cm2/yr and an average
influx of 0.001 particles/cm2/yr. Background levels of charcoal are
near zero (Fig. 3). A single peak is registered, and fire episode
frequency is below 0.5 fire episodes per 100 years (fire episodes
hereafter referred to as ‘‘fires’’).

Pollen data suggest weak winter precipitation. During this time
winter-precipitation taxa appear ca. 5400–5650, 6100, 6600, and
7750 cal yr BP, but none were associated with the single inferred
fire. Pollen sample resolution is ca. 225 years per sample.
3.2. Zone SBC4: 5300–4400 cal yr BP

Fire history is reconstructed based on samples with modeled
annual resolution. During the period 5300–4400 cal yr BP charcoal
influx increases from near zero to 0.45 particles/cm2/year. Fire
frequency is high twice, centered on w5100 (1.3 fires/100 years)
and w4400 cal yr BP (2.1 fires/100 years) (Fig. 3). The time between
fires ranges between 50 and 200 years.

Pollen data suggest an increase in winter-precipitation taxa
which is covariant with the timing of the increasing background
charcoal. Resolution for the pollen samples is ca. 225 years.
3.3. Zone SBC3: 4400–2500 cal yr BP

For this zone fire history has a modeled resolution of 5 years.
CHAR from 4400 to 2500 cal yr BP was relatively constant, aver-
aging w0.26 particles/cm2/yr with a maximum of 0.86 particles/
cm2/yr. Average background charcoal was 0.26 particles/cm2/year
(Fig. 3). Fire event frequency averaged w1.0 fires/100 years, with
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Fig. 3. Synthesis diagram of fire history and ratio of winter to summer precipitation taxa. Sam
for the time period 4000–4400, values in the proxy are in agreement, suggesting corresp
resolution. San Bernardino Ciénega (SBC) zones 1–5 are based on distinct changes in fire a
fire peaks well-spaced across the time period. Fire recurrence
intervals indicate fires occurred approximately every 100 years.

From 4400 to 3400 cal yr BP the ratio of winter to summer taxa
fluctuates at a frequency of 50–100 years suggesting greater
seasonal precipitation variability. After 3400 until 2500 cal yr BP,
winter-precipitation taxa were absent from the pollen assemblages.
The resolution for the pollen data is approximately 50 years per
sample.
3.4. Zone SBC2: 2400–1100 cal yr BP

The sediments during the time period 2400–1100 cal yr BP are
interbedded sand and clay layers. These sediments are likely
evidence high magnitude flooding across the ciénega surface
(Minckley and Brunelle, 2007). Because this fluvial activity eroded
the ciénega surface in this location, the age model is not extended
through these sediments (Fig. 3).
3.5. Zone SBC1: 1100–740 cal yr BP

The fire history in this zone has a modeled resolution of 5 years.
These last 360 years of the record had the highest charcoal influx,
ranging from 2 to 30 particles/cm2/yr, and averaging 8.3 particles/
cm2/yr. Background charcoal made a stepped increase to
w1.0 particle/cm2/year, tapering off to w0.5 particles/cm2/year
during the last 100 years of the record (Fig. 3). Frequent peaks mark
the highest fire episode frequencies of the record, ranging from
0.001 to 2.6 fire episodes per 100 years. These results reflect both
SBC1
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prolonged fire free periods during the oldest part of this zone, and
fires as frequent as one every 38 years for the middle of this zone.

Changes in the ratio between winter and summer taxa fluctuate
between 20 and 30 years. The resolution of the pollen samples is
approximately 11 years/cm.

4. Discussion and conclusions

The record presented here spans w8100–740 cal yr BP and
examines macroscopic charcoal and pollen in order to reconstruct
the past frequency of fire in the borderlands desert grassland
system. In addition, we proposed to evaluate the role of climate in
fire regime over time, particularly early Holocene NAM and mid- to
late-Holocene ENSO. The onset of ENSO is generally accepted to be
ca. 6000 cal yr BP, with the modern periodicity reached by
w5000 cal yr BP (see Keefer et al., 1998; Moy et al., 2002; Rollins
et al., 1986; Sandweiss et al., 2002; Thompson et al., 1995 for further
discussion).

Relationships between ENSO and fire in the Southwest have
already been identified from forested regions (Swetnam and
Betancourt, 1990). Swetnam and Betancourt (1990) found that large
areas burned when the southern oscillation index (SOI) was posi-
tive. These results suggest that changes in the seasonality of
precipitation may account for much of the variability in fire
occurrence in the southwestern United States (Swetnam and
Betancourt, 1990).

4.1. Zone SBC5: 8100–5300 cal yr BP

The main climate feature in the borderlands during this time
period was the NAM (Bartlein et al., 1998; Minckley and Brunelle,
2007). Although the summer insolation maximum had reached its
maximum, insolation was still higher than present (Kutzbach and
Webb, 1998), and monsoonal circulation remained stronger than
present as a result (Bartlein et al., 1998).

During this time period, little charcoal occurs in the sediments
from zone SBC5, with charcoal deposited over a ca. 40 year period,
centered on 5950 cal yr BP. The minimal number of levels showing
peaks in winter taxa suggests summer precipitation probably
dominated during this time (see also Holmgren et al., 2007). This
suggests that when winter precipitation was minimal, fire was rare.

4.2. Zone SBC4: 5300–4400 cal yr BP

While SBC5 was marked by low charcoal influx (CHAR) (Fig. 3),
zone SBC4 exhibits an increase in CHAR and background charcoal.
The high input of charcoal corresponds to an increase in winter-
precipitation taxa around 4500 cal yr BP. We hypothesized that the
increase in background charcoal, fluctuations in fire event
frequency, and increase in winter-precipitation taxa resulted from
early ENSO-like climate variability. Although other climate
phenomena can impact the amount of winter precipitation, the
timing of the change in fire and winter-precipitation taxa at SBC is
consistent with the onset of El Niño events in the Southern
Hemisphere (Keefer et al., 1998; Moy et al., 2002; Rollins et al.,
1986; Sandweiss et al., 2002). Holmgren et al. (2007) examined
packrat midden assemblages from the Chihuahuan desert, north-
east of the SBC, which indicate that desert shrubs appear ca.
5000 cal yr BP. They attribute this change in vegetation to increased
winter insolation and/or the onset of ENSO. Based on the corre-
spondence between increased CHAR, background charcoal, and
winter-precipitation taxa, our data appear consistent with linkages
between El Niño conditions and fire occurrences in the south-
western U.S. (Swetnam and Betancourt, 1990, 1998).
4.3. Zone SBC3: 4400–2500 cal yr BP

After 4400 cal yr BP CHAR and background charcoal remain high
and vary around a much higher mean (Fig. 3). The relatively high
charcoal influx suggests increased biomass (fuel) on and around the
ciénega and is supported by an increase in total pollen influx at the
same time. Between 4400 and 3400 cal yr BP, peaks in winter taxa
occur every 50–100 years, after which winter taxa appear to drop
from the record for ca. 1000 years. The absence of the winter taxa,
Ephedra and Artemisia, may be related to poor preservation or
a shift to other winter taxa not accounted for in this analysis. Three
fires did occur between 3500 and 2400 cal yr BP, but at a lower
frequency than previous, suggesting a secondary driver such as
prolonged biomass accumulation may also condition fire activity.
Additional pollen analyses from other sites are needed to better
understand the significance of winter precipitation and other
mechanisms promoting fire occurrence for this time period.
4.4. Zone SBC2: 2500–1100 cal yr BP

The sediments from 2500 to 1100 cal yr BP are interbedded
sands and clays.

It is likely that the sand layers indicate periods of above average
flow across the ciénega. This is supported by results from previous
analyses that indicated this period was associated with a period of
greater-than-present moisture throughout the study region
(Minckley and Brunelle, 2007; Minckley et al., 2009; Nordt, 2003;
Waters and Haynes, 2001).
4.5. Zone SBC1: 1100–740 cal yr BP

Zone SBC1 represents the most recent portion of the ciénega
record. The last 700 years of the record are missing because of 19th
and 20th century agricultural tilling. We estimated that the top
30–50 cm were mixed based on average plow depths and anecdotal
information from the current ranch owner (Valer Austin, personal
communication). Therefore our analysis began w40 cm below the
present-day surface to avoid homogenized sediments.

Zone SBC1 includes the Medieval Climate Anomaly (MCA),
w950–750 cal yr BP (Bradley et al., 2003). In North America the
impact of the MCA was regionally variable (Bradley et al., 2003;
Stine, 1994). However, in the western U.S. the consistent climatic
signal during the MCA is that of prolonged drought (Brunelle and
Anderson, 2003; Cook et al., 2004; Stine, 1994).

The fire record from SBC shows a unique signal during the MCA.
Background charcoal reaches the highest level of the entire record and
fire peaks are frequent, with fires occurring as often as one every 38
years. The end of the MCA shows a decline in both background
charcoal and fire frequency, likelyassociated with the end of the MCA-
related drought in western North America (Cook et al., 2004). While
indigenous peoples most certainly used this perennial source of
water, the relative absence of charcoal in the SBC sediments before
and after the MCA indicates that intentional burning was not
common. Despite increasing indigenous populations in the American
southwest during the MCA (see discussion in Parker, 2002), any
additive burning for agriculture or hunting on the SBC would likely be
contained in the background charcoal signal, not as a peak.

During zone SBC1 the fluctuation between winter and summer
dominated taxa occurred every w50 years between 1150 and
950 cal yr BP and at 10–20 year intervals between 950 and 740 cal yr
BP. These intervals may be too coarse to reflect individual El Niño
events, however, the variations in the dominance of winter versus
summer taxa do reflect ENSO scale variability (Moy et al., 2002).
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4.6. Present and future implications

Although this study represents a single site, it adds a critical
dataset to the baseline of fire history in desert grasslands along the
U.S./Mexico border. The record from the SBC suggests that variability
in winter precipitation, likely related to ENSO, is the primary driver
for fire occurrence and frequency in borderland desert grassland
systems. While understanding the past is interesting, perhaps the
greatest value of this study is that it contributes to predicting and
managing for climate change in sensitive desert grasslands.

Future ENSO variability under increased CO2 scenarios is
unclear. Current model outputs for future ENSO events show high
variability, and little can be conclusively stated about its future
manifestations (IPCC, 2001; Yeh and Kirtman, 2005). What is
consistent in models of future climate is that the borderlands are
going to get warmer. Wells (2007) states that future predictions for
southwestern deserts include drier-than-modern conditions, and
the IPCC (2007) report states that minimum winter and maximum
summer temperatures are likely to increase in the southwestern
U.S. and precipitation is likely to decrease (emphasis from authors).

Expanding our understanding of fire regimes to other south-
western ecosystems before and through the onset of modern ENSO
variability may be important to our management and conservation
strategies as climates change due to enhanced greenhouse warm-
ing. Given the ambiguity of how future climate change may affect
ENSO (Wara et al., 2005; Yeh and Kirtman, 2005), and by extension
fire regimes in this region, flexible management strategies must be
considered. If ENSO variability decreases, our research suggests that
natural fires may again become extremely rare to non-existent.
Management scenarios for this region should consider both options
(active vs. quiet ENSO) when using fire as a conservation and
restoration tool (Jackson and Hobbs, 2009).

As climate warms the role of fire in the desert grasslands is likely to
change. Warming and the continuation of ENSO variability will likely
increase fire frequency (similar to the MCA) while extreme warming
and the shift to a persistent El Niño climate would likely lead to the
absence of fires (similar to >5000 cal yr BP). The main conclusion
gleaned from the SBC charcoal record is that despite arguments to the
contrary (Brown and Minnich, 1986; Felger et al., 2007; Mack et al.,
1996; Wright, 1980), fires do occur in desert environments and have
been more frequent toward the present. Additional long-term records
of fire from the desert are needed to support these conclusions and
further clarify the role of fire in these systems.
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